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Abstract
The dynamics of exciton saturation in GaAs/AlGaAs multiple quantum wells 
are investigated using picosecond optical pulses.
The main contributions to exciton saturation have been shown to be phase 
space filling. Coulomb screening and exciton lineshape broadening. The spin 
dependent nature of the phase space filling nonlinearity has allowed its separation 
from the effects due to Coulomb screening and broadening. The effect of lineshape 
broadening on exciton saturation has been investigated through its density 
dependence for a number of quantum well widths. The results show that the effects 
due to broadening are important in narrow wells of high quality.
An investigation into electron spin relaxation at room temperature has been 
carried out as a function of the well width. The observed decrease in the electron spin 
relaxation time with decreasing well width is in good agreement with previously 
reported results and suggests the D ' Yakonov-Perel mechanism is the dominant spin- 
flip mechanism for electrons in quantum wells at room temperature.
The first demonstration of an electron spin grating in a quantum well 
semiconductor is reported by utilising the optical selection rules for quantum wells 
and optical polarisation gratings. Time resolved studies of the grating decay have 
allowed the first optical measurement of the in-plane electron diffusion coefficient in 
a quantum well semiconductor.
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1
Introduction
The ability to form a junction between two differing semiconductors has 
been fundamental in the growth of the semiconductor industry. From the very early 
junction diodes [1.1] to the most recent quantum cascade lasers [1.2], the ability to 
form a junction has been of critical importance. With the advent of molecular beam 
epitaxy in the early 1970s the science of junction technology took on a whole new 
meaning.
Molecular beam epitaxy allows the growth of semiconductor layers on a 
truly atomic scale. The grower can now choose the composition and thickness of 
semiconductor layers to a precision previously unheard of. This control has allowed 
the production of semiconductor layered structures where the layer thickness is 
comparable to the deBroglie wavelength of the electron and has so lead to the 
explosion in the field of low-dimension semiconductor structures.
The most basic low-dimension structure that can be manufactured is that of 
the single quantum well. This consists of an ultrathin layer of semiconductor 
sandwiched between two layers of a larger band-gap semiconductor, see Figure 1.1. 
These structures were initially used to verify some of the postulates of quantum 
theory most notably the quantisation of the electron and hole energy levels due to 
their confinement in the quantum well [1.3] and the tunnelling of an electron across a 
potential barrier [1.4].
If single quantum wells are sandwiched together (with many layers of 
ultrathin semiconductor separated from each other by thin layers of the larger 
bandgap semiconductor) then what is know as a multiple quantum well is formed. 
The advantage of the multiple quantum well over the single quantum well is most
1
apparent in optical studies. The multiple quantum well will ideally have the same 
properties as the single quantum well but the optical density experienced by light 
passing through the structure parallel to the growth direction will be increased by a 
factor N, where N is the number of quantum well periods. It is the optical properties 
of this structure that will be investigated in this thesis.
wyy//Æ.
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Figure 1.1 Schematic o f a single quantum well.
Quantum wells and multiple quantum wells have received a great deal of 
attention over the last twenty years. The quantum effects that occur in these 
structures modify their optical properties in very distinct ways. In the past, effects 
such as those due to excitons (bound electron-hole pairs) have only been observable 
in bulk semiconductors at very low temperatures. In quantum wells, these effects 
remain clearly visible even at room temperature [1.5]. This shows how quantum wells 
can lead to the enhancement of bulk effects.
Quantum wells also show a number of new properties when compared to 
bulk One such feature is the quantum confined Stark effect [1.6], which produces a 
red shift in the absorption edge when an electric field is applied across the quantum 
well layers. The discovery of this effect has lead to the realisation of 
electroabsorption devices, such as the SEED (self electro optic effect device) [1.7]. 
Other applications of quantum wells include quantum well heterostructure lasers 
[1.8], optical switches [19] and modulators [1.10].
The construction of lasers with the ability to produce ultrashort pulses with 
widths on the order of picoseconds and below has lead to intense investigation into 
the dynamics of the electronic processes which occur within quantum wells
Figure 1.2 Schematic o f a multiple quantum well.
In this thesis an attempt is made to optically measure a number of important 
parameters pertaining to quantum wells. In chapters two and three the basic physics 
of quantum wells and their optical properties are introduced. In chapter four the 
factors relating to the motion of carriers within the quantum wells are considered. 
The experimental techniques employed and the samples under investigation are 
described in chapters five and six. In chapter seven the contributions of screening, 
broadening and phase space filling to exciton saturation in multiple quantum wells are 
investigated. Chapter eight address the interesting field of spin relaxation which has 
seen a resurgence in interest. Optical measurements of the combined motion of 
electrons and holes in quantum wells are presented in chapter nine, and in chapter ten 
a new technique is introduced to directly measure the motion of the electrons alone. 
In chapter eleven the concept of carrier mobility is discussed in light of the results 
from the previous two chapters. Finally chapter twelve draws the results together in 
conclusion.
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Quantum well basics
2.1 Summary
This chapter describes some of the basic properties relating to structures 
exhibiting quantum confinement. The concept of energy level quantisation and its 
corresponding effect on the density of states are discussed. Excitonic molecules are 
introduced and their influence on the optical properties of quantum wells are 
explored. The semiconductor alloy, GaAs/AlGaAs will form the basis for this thesis 
and so the concepts above are illustrated with examples relating to this compound.
2.2 Bulk GaAs
For the results presented in the following chapters the semiconductor of 
interest is GaAs and so the properties relating to it in its bulk form will be introduced 
before the effects of quantum confinement are considered. GaAs is a III-V 
semiconductor with a band structure which is shown in Figure 2.1. The area of 
interest is the F point which lies at the centre of the Brillouin zone. The conduction 
band is denoted by Te and is two-fold degenerate. The valence bands are labelled F? 
and Fg. The F? band is split from the Fg band due to the effects of spin-orbit coupling 
by 0.34 eV. The Fg band is four-fold degenerate at the zone centre but this 
degeneracy is partly removed away from the zone centre where the band is resolved 
into the light and heavy hole valence bands which are each
QUANTUM WELL BASICS
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Figure 2.1 Extended band structure for GaAs.
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two-fold degenerate. In GaAs the bandgap is the difference in energy between the Fe 
and Fg bands at the zone centre and has the value of 1.42 eV at room temperature.
2.3 GaAs/AIGaAs multiple quantum wells
The quantum wells discussed in this thesis relate to the so called type-I 
heterostructure. In this structure the electron and hole are confined in the same 
semiconductor material. These are distinct from type-II heterostructures where the 
electron and hole are confined within different materials. The type-I heterostructure is 
exemplified by the GaAs/AlxGai-xAs combination.
%II
2.2
2.0 2.16 eV
8
300 K
6
4
0 0.2 0.4 0.6 0.8 1.0
Aluminium fraction, x
Figure 2.2 Variation in the band gap energy o f AlGoAs with 
increasing Al concentration.
The band gap of GaAs is 1.42 eV as was stated previously. The band gap of 
AlxGai-xAs is dependent on the molar fraction, x, of Al present. The variation in the 
bandgap of AlxGai-xAs is shown in Figure 2.2. As the aluminium concentration is
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increased so the bandgap of the material increases. The increase in the bandgap can 
be described by the formula
Eg = 1.4247 + 1.247% for x< -0.4 2.1
Above an aluminium concentration of -0.4 the bandgap becomes indirect in nature.
Figure 2.3 shows a schematic band diagram for a type-I heterostructure. The 
difference in band gaps of the two semiconductor materials determines the band 
offset ratio a:b, where AEc=aAEg and AEv=bAEg. This ratio is essentially determined 
empirically from fits to experimental data. The ratio used in the following work will 
be that proposed by . Miller et al [2.1]. He suggested a ratio of 57:43 with 
accompanying effective masses of m^ * =0.0665mo for the electron, mwi* =0.34mo for 
the heavy hole and miu* =0.094mo for the light hole.
AlGaAs
GaAs Eg(GaAs)
AEc
Eg(AlGaAs)
AEv
Figure 2.3 Band structure for a GaAs/AlGaAs multiple quantum well.
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2.4 Quantisation of energy levels
The main effect that confinement has on the properties of electrons and 
holes is to quantise the energy levels available to them [2.2]. The energy levels for an 
infinite square well potential, of width L%, are calculated by solving the Schrodinger 
equation
2m jdz 2.2
which has solution
= £ . ( inn 2.3
For a finite potential well, of height Vo, which is the case for a quantum well 
formed between semiconductors, the solutions are obtained by again solving the 
Schrodinger equation. Applying continuity constraints to the wavefunction and its 
first derivative at the boundary regions the following transcendental equations are 
obtained
K 2.4
K 2.5
where ma* and my* are the effective masses of the electron in the well and barrier 
regions and
QUANTUM WELL BASICS 10
2.6
2.7
Only the energy levels in the growth direction are quantised as the other two 
dimensions (x and y) are essentially unaffected by any confinement and can be 
thought of as essentially bulk semiconductor with their energy states given, 
approximately, by the parabolic relation
The hole energy levels in the quantum well are also quantised in the growth 
direction. The equations are identical to those above with the effective electron 
masses m* replaced by either the light hole or heavy hole effective masses. The band 
diagram for the holes in the other two dimensions (xy) however cannot be accurately 
described using a parabolic relationship.
In bulk GaAs the highest energy valence bands have 1=3/2 symmetry, where 
J is the angular momentum. The bands are four-fold degenerate at the zone centre. 
For the case of a quantum well the confinement in the growth direction, z, lifts the 
degeneracy between Jz= ± 3/2A and L= ± 1/2A near k=0 and leads to each band 
having a distinct energy.
The dispersion of the hole subbands near k=0 can be described by solutions 
of the Luttinger Hamiltonian [2.3]. For the case of a bulk semiconductor and taking 
kz in the direction [100], the energies of the holes are given by
2 K / ( r i
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for L= ± 3/2/z and
£ =  r  ÿj 2.10
. 2 [m ,/(r ,+ 2 7 0 ]
for Jz= ± l/2h. The heavy and light hole masses are given by mo/(yi-2y2) and 
mo/(yi+2y2). yi and j 2 are the Luttinger parameters of the valence band.
In a quantum well, in the direction perpendicular to the growth direction, the 
above dispersion relationships become
E = —.-------------------------------------------------------------------- 2.11
2 K / ( r ,  + n ) ]
for Jz = ± 3f2h and
£  =  ŸI 2.122K/( i^ -Ti)]
for = + 1/2%.
From Eqn 2.11 and Eqn 2,12 it can be seen that the Jz = ± 3l2h heavy hole band now 
has a light effective mass ( /«o/(7i + Ta))? and the Jz = ± 1/2A light hole band has a
heavy effective mass ( /«o/(7i “  Ta})- Due to the higher lying nature of the heavy 
hole band it might be expected that band crossing will be observed (see Figure 2.5). 
This situation is avoided by the inclusion of high order k.p perturbation terms which 
lead to an anti-crossing behaviour (see Figure 2.6).
It should be noted that the non-parabolicity of the valence bands should 
dramatically influence the valence band density of states (to be described in the 
following chapter) from an exact step-like shape to more complicated structures. The 
subband dispersion in the plane perpendicular to the quantum well growth direction is 
invaluable in determining the density of states and the transport properties.
QUANTUM WELL BASICS 12
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Figure 2.4 The conduction and valence bands in bulk, showing 
the light hole (LH), heavy hole (HH), and split-off (SO) bands.
\  \
V >
kxytfki y —  r(kl
2h./(r,-r,)] /
/ 7
Figure 2.5 The band crossing predicted by the solutions to 
the Luttinger Hamiltonian in a quantum well.
QUANTUM WELL BASICS 13
HH
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kxy
Figure 2.6 The anticrossing produced by higher 
order perturbation terms.
2.5 Excitons
Within semiconductors the electrons and holes can form excitons. Excitons 
are bound electron hole pairs where the attraction between the pair can be described 
simply as a Coulomb interaction. The attractive potential can be quantified by
2.13er
where r denoted the separation between the electron and hole, e is the electronic 
charge and e is the dielectric constant.
In three dimensions the excitonic energy levels can be obtained using the 
methods of the hydrogen atom. This leads to the production of a series of discrete 
hydrogenic states given by
QUANTUM WELL BASICS 14
2.14 ^ n
where the 3D Rydberg is given by
2.152(4;re^)
[I is the reduced effective mass of the exciton which is given by
1 1 1
M /M,♦ H r 2.16
The effective Bohr radius for the exciton, which describes its spatial extent is given in 
3D by
2.17jU g'
Excitons are classified into two types depending on their spatial extent. In 
solids with large effective electron and hole masses the exciton will only extend to a 
few lattice spacings. These are known as Frenkel excitons and are most commonly 
found in ionic solids where they are tightly bound and localised. In bulk GaAs the 
exciton has a Bohr radius which corresponds to around 40 lattice spacings. This type 
of exciton is denoted as a Wannier exciton. The Wannier exciton is weakly bound and 
non-localised.
Considering the exciton placed in an ideal 2D system, the solutions using the 
hydrogenic method are
QUANTUM WELL BASICS 15
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The ground state Bohr radius is also reduced by a factor of two due to the 
confinement. This leads to the electron and hole orbiting closer together and 
increases the ground state binding energy by a factor of four compared to its bulk 
value. The oscillator strength of the exciton in 2D is also increased compared to that 
of bulk.
In GaAs quantum wells the expected value of the exciton binding energy is 
around 16 meV, assuming the ideal 2D case. In reality, due to the quasi-2D nature of 
the quantum wells, the binding energy is reduced to around 9 meV.
QUANTUM WELL BASICS 16
2.6 References
2.1 R.C. Miller, D A  Kleinman and AC Gossard, "Energy-gap
discontinuities and effective masses for GaAs-Al(x)Ga(l-x)As quantum 
wells", Phys. Rev, B , 29, 12, 7085-7087, (1984).
2.2 R. Dingle, W. Wiegmann and C.H. Henry, "Quantum states of confined
carriers in very thin Al(x)Ga(l-x)As-GaAs-Al(x)Ga(l-x)As
heterostructures", Phys. Rev. Letts., 33, 14, 827-830, (1974).
2.3 Luttinger, "Quantum theory of cyclotron resonance in semiconductors:
general theory", Phys. Rev. , 102, 4, 1030-1041, (1956).
J
3
Optical properties of multiple quantum wells
3.1 Summary
In this chapter the optical properties of semiconductors will be discussed. The 
effects of quantum confinement on the density of state function are described. 
Excitons dominate the optical absorption spectra and are rapidly ionised at room 
temperature in quantum wells. Their increased effects in quantum wells and their 
ionisation mechanisms are discussed. Optical selection rules play an important role in 
the experiments described in future chapters and so their relevance is introduced. 
Bandgap resonant nonlinearities, optical orientation and spin relaxation are also 
discussed.
3.2 Density of states
In 3D semiconductors, assuming parabolic bands, the density of states is 
given by the following
D^o(E) = ^_2 k  ‘ y
3
3.1
where E is the energy and m* is the carrier effective mass. In a quantum well the 
energy levels are quantised and the density of states is modified as follows
17
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where n is the quantum number n= 1,2,3,,., The 2D density of states now has a "step­
like" appearance and remains finite even for low energies. The 3D and 2D density of 
states are shown graphically in Figure 3.1. The optical absorption in a semiconductor 
is proportional to the density of states function. A typical room temperature 
absorption spectrum for a GaAs multiple quantum well is shown in Figure 3,2. The 
"step-like" nature of the density of states can be clearly seen along with sharp 
resonance features which correspond to excitons.
2D
a(E) 3D
nti Anh^  9 n i  \6 n i  
2ma^ 2ma^ 2ma
2
Figure 3.1 Comparison o f the 2D and 3D density o f states 
functions.
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3.3 Excitons
In bulk semiconductors and multiple quantum wells, excitons are rapidly 
ionised at room temperature by LO-phonon collisions. To enable the observation of 
excitonic effects in bulk semiconductors, the material must therefore be cooled to low 
temperatures, to freeze out the LO-phonons. In quantum wells the exciton binding 
energy is increased and so the excitons are still observable up to room temperature. 
The presence of excitons is evident from the increase in the absorption at each of the 
"steps". The lifting of the degeneracy between the light and heavy hole can be seen in 
the double peaks at the n=l resonance in Figure 3.2,
joI
20
15
10
5
1.46 1.54 1.62 1.70
Photon energy (eV)
Figure 3.2 The linear absorption spectrum o f a 
GaAs/AlGaAs multiple quantum well
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3.4 Optical excitation
20
In semiconductors illumination with a suitable energy of photon will result in 
the promotion of a electron into the conduction band and the formation of a hole in 
the valence band. The selection rules which govern these transitions are obtained by 
calculating the dipole matrix elements for the interband transitions. For a 3D 
semiconductor the selection rules are shown below.
(j, n%) CB (1/2,1/2) (1/2, -1/2)
1
y  i
/  n A/ n \ 1
2/3 \  a+ 2/3
HH / LH // m A LH \  HH
(3/2, 3/2) (3/2, 1/2) (3/2, -1/2) (3/2, -3/2)
Figure 3,3 Selection rules in bulk GaAs.
In a quantum well the lifting of the degeneracy between the light and heavy 
holes modifies the transition levels as shown in Figure 3.4. The various allowed 
transitions can be summarised as follows:
AJ=± 1
AJz= -(+)h for right (left)-hand circularly polarised light, labelled a'(G ),
AJz= 0 for linear light, labelled n.
The probabilities for the transitions [3 .1] are also shown in the figures.
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(3/2, 1/2)
( 1/2 , - 1/2)
\
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0+\ n  ■( LH
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Figure 3,4 Selection rules in GaAs multiple quantum wells.
On excitation of a bulk semiconductor with left or right handed circular light 
populations of both Jz= and Jz= electrons are generated along with 
correspondingly polarised holes. The electrons are generated in the ratio 3:1 which 
limits the polarisation of the electrons to only 50%, The polarisation is defined as
3.3
where Nr is the number of spin-up carriers and Ni the number of spin-down.
In a quantum well due to the lifting of the degeneracy between the light and 
heavy holes valence bands it is now possible to generate electrons with 100% spin 
polarisation using circularly polarised light resonant with the heavy hole (or 
associated exciton) transition.
3.5 Bandgap resonant nonlinearities
The optical generation of carriers within a semiconductor can produce a 
number of nonlinear effects such as Coulomb screening, band filling, phase space 
filling, bandgap renormalisation and lineshape broadening.
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3.5.1 Coulomb screening
The generation of an electron-hole plasma will lead to a screening of the 
Coulomb potential between charges. After excitation, electrons and holes occupy 
states within the conduction and valence bands respectively. These carriers will 
screen the Coulomb interaction between carriers of the same band and also that 
between carriers in different bands. The term screening is used to signify the decrease 
in the Coulomb potential of a charge when other charges are present. If a plasma 
consisting solely of electrons is considered, the addition of a test charge will result in 
a redistribution of the plasma as a result of the repulsive Coulomb interaction. The 
redistribution of the system acts to reduce the overall energy of the system and can be 
thought of as the effect of decreasing the effective energy of the test charge. This 
screening will reduces the attractive force between the electron and hole that form the 
exciton and in so doing reduces the exciton binding energy.
The effects of Coulomb screening can be divided into contributions due to a 
long and short range term and an exchange contribution, these are discussed in more 
detail in Chapter 7.
3.5.2 Band and phase space filling
Electrons and holes are Fermions and so due to the Pauli exclusion principle 
can occupy each quantum state only once. For each k-state that exists in a 
semiconductor band there are two possible states available. These correspond to 
either a spin-up or a spin-down carrier. A filled state is no longer available as a final 
state in an absorption process and so the corresponding transition is bleached. The 
principle of energy minimisation dictates that carriers in quasi-equilibrium occupy the 
lowest available states. This results in the filling of the states near the bottom of the 
conduction band by electrons and the top of the valence band by holes. Bandfilling 
arises from the consideration that for a valence to conduction band transition to 
occur, the valence band state has to be filled by an electron and the conduction band 
state has to be empty. So if the lowest lying states are already occupied by electrons 
and holes then their presence effectively blocks further transitions involving these
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states and the absorption is bleached. This results in a shift of the absorption edge to 
higher energies.
The presence of excited electrons and holes also prevent the formation of 
excitons derived from the states that they occupy. This mechanism is denoted phase 
space filling. It is therefore common to refer to band filling when discussing electrons 
and holes and to phase space filling when referring to excitons. At low temperatures 
or for short periods after the generation at room temperature, exciton states are 
occupied and a similar process to band filling for electrons and holes occurs. This 
"real-space-filling" [3.2] considers the excitons as hard spheres which occupy a 
volume in real space. Once the available volume is filled, no further excitons can be 
contained and so the excitonic absorption is reduced.
3.5.3 Bandgap renormalisation
When considering the free electron and hole plasmas. Coulomb screening 
reduces the single particle energies due to many body effects and leads to a red shift 
in the band edge. This energy reduction results due to the exchange effect for 
particles with equal spin, and the Coulomb correlation effects for all particles. The 
exchange effect arises due to the Pauli exclusion principle. The probability that two 
Fermions with identical quantum numbers are at the same point in real space is zero. 
Hence the Pauli exclusion effect leads to a reduction of the probability that equally 
charge particles come close together, and so reduces the repulsive contribution. This 
situation with particles of equal spins is often described by the presence of an 
exchange hole, where each Fermion is surrounded by a region where the probability 
for the existence of another identical Fermion is very small. Correspondingly, equally 
charged Fermions with different quantum numbers, e.g. electrons with different spins, 
avoid each other because of the coulomb repulsion. As in the case of the exchange- 
hole this coulomb hole also leads to a decrease of the overall energy.
The combined effects of the exchange-hole and the Coulomb hole is termed 
bandgap renormalisation.
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3.5.4 Lineshape broadening
At low temperatures the linewidth of an exciton can be attribute to a number 
of broadening mechanisms, These include interaction with impurities and acoustic 
phonons. These mechanisms result solely in homogeneous broadening of the exciton 
resonance. In a quantum well scattering of the excitons from well width [3.3] and 
alloy concentration fluctuation will result in either homogeneous or inhomogeneous 
broadening of the exciton resonance depending on the size of the irregularities 
(average diameter X). Well width or alloy fluctuations with X greater than twice the 
exciton Bohr radius will cause inhomogeneous broadening whereas fluctuation with 
X less then twice the exciton Bohr radius will result in homogeneous broadening.
As the temperature is raised the exciton linewidth increases due to thermal 
broadening. This results from the increased probability of collision with an LO- 
phonon. This contribution from thermal broadening to the exciton linewidth can be 
written as
r(7’) = r(o) + r ph
exp kT - 1
3.4
where E(0) is the temperature independent linewidth. Eph is a parameter which 
describes the effect of LO-phonons. /îOlo is the phonon energy and T is the 
temperature [3.4]. Due to the large LO-phonon energy, when compared to the 
exciton binding energy, any collision with an exciton will result in its complete 
ionisation. At room temperature the exciton ionisation time has been measured to be 
300 fs by Knox et al. [3.5].
The homogeneous linewidth of the exciton is also influenced by the effects of 
collisions with excitons or free-carriers. At room temperature collisional broadening 
results predominantly from exciton collisions with free-carriers. The presence of free 
carriers, created by optical excitation, increases the exciton linewidth. The density 
dependence of the exciton linewidth can, in the low density regime, be described by
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r ( # )  = r(0) + y a /E g W  3.5
where E(0) is the density independent linewidth, y is a dimensionless parameter which 
gives a measure of the collision efficiency of the exciton-free carrier interaction, as is 
the exciton Bohr radius, Eb is the exciton binding energy and N is the density of free- 
carriers [3.6].
3.6 Optical orientation
As previously discussed the absorption of circularly polarised light can 
selectively generate spin polarised electron and holes. The effect that light has on the 
spin angular momentum of the carriers which it interacts with is described as optical 
orientation.
In bulk GaAs the light and heavy hole transitions are degenerate at k=0. This 
along with unequal transition probabilities (see Figure 3.3) results in a maximum 
induced polarisation of 50%. For the case of GaAs multiple quantum wells the 
degeneracy between the heavy and light hole states is lifted (see Figure 3.4) and so it 
becomes possible to obtain 100% polarisation of the excited carriers.
After generation an initially spin polarised population of carriers will, over 
time, relax due to various scattering mechanisms to produce equal numbers of 
carriers in both of the spin states. Spin relaxation occurs on timescales ranging from 
femtoseconds up to 100s of picoseconds. The mechanisms that cause the spin to relax 
will now be discussed first for bulk GaAs and then for the case of quantum wells.
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3.6.1 Spin relaxation in bulk GaAs
In bulk GaAs the hole spins are expected to randomise on very short 
timescales due to the degeneracy of the light and heavy hole valence bands at k=0. 
This time is essentially the same as the hole momentum relaxation time.
There have been a number of mechanisms proposed to describe the spin 
relaxation of electrons in bulk semiconductors, The most notable are the D’yakonov- 
Perel (DP), the Elliott-Yafet (EY) and the Bir-Aharonov-Pikus (BAP) mechanisms,
The EY and DP mechanisms for spin relaxation are derived from band 
structure effects near the E-point of the conduction band. It should be noted that 
although the number of electrons excited by optical pumping is small, they are not all 
located at the E-point, due to thermalisation which produces a spread in k-space.
The mechanism proposed by Elliott and Yafet [3.7,3,8] results from mixing of 
valence band wavefiinctions into the conduction band states away from k=0. This 
mixing allows the electrons to flip spin due to momentum scattering from optical and 
acoustical phonons as well as impurities. It has been suggested [3.9] that the EY 
mechanism will contribute to electron spin relaxation at high temperatures and/or low 
hole concentrations. The effect is expected to be reduced when compared to the DP 
mechanism due to the strong temperature dependence of the electron spin relaxation 
time for temperatures above 50 K,
The DP mechanism involves spin flipping during collisions [3.10,3.11]. This 
mechanism arises due to the spin splitting of the conduction band in semiconductors 
without a centre of inversion (such as GaAs). In zinc blende crystals, this splitting is 
proportional to the cube of the momentum and the contribution to the spin relaxation 
time from the DP mechanism rapidly increases with increasing electron energy [3.12].
The spin splitting of the conduction band is equivalent to the existence of a 
magnetic field acting on the electron spins. The magnitude and direction of this 
pseudo-field depends on the magnitude and direction of the momentum. In the 
absence of collisions this would result in an increase in the electron spin relaxation 
time.
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Between collisions the spin of each electron processes about the direction of 
the effective magnetic field which defines the direction of the quasi-momentum. 
During collisions the changes in momentum lead to the rotation of the precession axis 
which allows the spin to flip. If the time between collisions is less than the precession 
period, then the electron spin is unable to follow the frequent rotations of the 
precession axis. This reduces the effect of the spin splitting and slows the spin 
relaxation process. The DP mechanism has been shown experimentally to be 
dominant for low acceptor impurity concentrations and/or at high temperatures [3.13, 
3.14] through the temperature dependence of the electron spin relaxation time.
The BAP mechanism is important when the excited electrons are surrounded 
by a high concentration of holes. The increased probability of electron and hole 
collisions allows the electron and hole spins to interact via the exchange interaction 
and so flip the electron spins [3.15]. The spin relaxation time is inversely proportional 
to the hole momentum scattering time, if the holes are strongly scattered by 
impurities or phonons. This mechanism has been shown to be dominant in heavily p- 
doped semiconductors and at low temperatures [3.16, 3.17] again through the 
temperature dependence of the electron spin relaxation time.
A number of investigations [3.18, 3.19] have characterised the transition from 
DP to BAP in GaAs and shown them to be the dominant mechanisms for electron 
spin relaxation in bulk GaAs.
A further mechanism based on the virtual recombination of colliding electron 
hole pairs, to produce a virtual photon which on subsequent virtual absorption could 
produce a new electron-hole pair with flipped spins was suggested by Kleinman and 
Miller [3.20]. This mechanism was needed to explain results obtained with 
degenerate hole distributions at low temperature.
3.6.2 Spin relaxation in GaAs multiple quantum wells
The spin dynamics of electrons and holes in quantum wells are still not well 
understood. The main difficulty seems to arise from sample dependent mechanisms 
which make quantitative comparisons between samples unreliable.
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In a quantum well the degeneracy between the heavy hole and light hole 
valence bands is lifted at k=0. Since the spin-flip of holes arises solely from the 
admixture of the heavy and light hole band states, it has been suggested that this 
mechanism will lead to a reduced spin relaxation rate in quantum wells. A number of 
papers have presented theoretical models relating to hole spin relaxation where a 
number of scattering mechanisms are considered [3.21-24]. Ferreira et al [3.24] 
predicted a slow hole spin relaxation from alloy and impurity scattering. A much 
faster hole spin relaxation mechanism was proposed by Uenoyama [3 .23] which arose 
due to scattering from phonons. Since the excited hole energy is generally small 
compared to the optical phonon energy, scattering from optical phonons is not 
considered to be important for hole spin relaxation. The most important mechanism 
seems to be the scattering of hole from acoustic phonons through the deformation 
potential and piezo-electric coupling. The hole spin relaxation has been measured at 
low temperature to be 4 ps [3.25,3.26] and it is now established that the hole spin 
relaxation time is the order of the momentum relaxation time. Comparison of the 
experimental results with the theoretical prediction has proved difficult because of the 
different scattering processes that contribute to hole relaxation. A number of authors 
[3.25-27] have reported large variations in the hole spin relaxation time between 
samples. Kohl et al [3.27] reported that for samples with non-optimised grovyth 
conditions widely differing results were obtained. This suggests that interface 
scattering processes in quantum well samples play an important role.
Electron spin relaxation in quantum wells is also poorly understood. Damen 
et al [3.25] measured a low temperature electron spin relaxation time of 150 ps in a 
p-doped GaAs quantum well. This time is 4x shorter than the value obtained for bulk. 
They suggest that the increased electron-hole exchange interaction that exists in 
quantum wells is responsible for this and proposed that the BAP mechanism is the 
dominant mechanism in p-doped quantum wells at low temperature.
At room temperature the DP mechanisms has been proposed as in the case of 
bulk electron spin relaxation [3 .28]. The decrease in the electron spin relaxation time 
has been investigate theoretically by D’yakonov and Kachorovskii [3.29]. In the two- 
dimensional case the projection of the electron momentum q, along the normal to the 
layer plane is much greater than the two-dimensional momentum k, in this plane. This
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leads to an increase in the spin splitting compared to the bulk case. It follows that the 
effective magnetic field in the two-dimensional case is considerably greater than the 
three-dimensional one and therefore the spin relaxation rate is increased.
The spin relaxation of excitons in quantum wells has received a great deal of 
interest [3.30-3.37]. The situation is more complex than when considering spin 
relaxation solely due to electrons or holes and has to be considered for experiments 
performed at low temperatures. The exciton can relax its spin either through electron 
and hole exchange interaction which can result in the mutual spin flipping of the 
electron and hole, or by independent spin relaxation of the electron and hole. 
Experiments have shown that the BAP mechanism should be dominant.
The inspiration for this thesis comes from the low temperature work of 
Snelling et al [3.38] on spin relaxation in quantum wells. The room temperature spin 
dynamics of optically excited carriers were investigated by Snelling et al [3.39]. 
Circularly polarised light was used to separate the phase space filling and Coulomb 
screening contributions to exciton saturation and observe density dependent 
broadening of the exciton resonance. In this thesis the effects due of density 
dependent broadening of the exciton resonance are further investigated through its 
well width dependence.
The initial work carried out by Perozzo [3.40] on the well width dependence 
of the electron spin relaxation time at room temperature is expanded to include new 
results. This has enables a clearer understanding of the mechanisms involved and 
allowed tentative suggestions to be made as to the dominant mechanism at room 
temperature.
Finally the spin relaxation of electrons at room temperature is combined with 
the production of polarisation gratings in GaAs quantum wells. This has allowed the 
production of electron spin gratings and the first direct all optical measurement of the 
in-plane electron mobility at room temperature.
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4
Carrier transport phenomena
4.1 Summary
This chapter will discuss a number of carrier transport phenomena that have 
important implications for some of the experiments described in the following 
chapters. The two basic transport mechanisms that will be discussed are those of drift 
(the movement of charge due to an electric field) and difiusion (the flow of charge 
due to a density gradient). The drift velocity of a carrier is related to the electric field 
by a parameter called the mobility. The concept of carrier drift and mobility will be 
introduced and the differences between Hall and drift mobilities are discussed. The 
scattering mechanisms in bulk and quantum well semiconductors and how they 
influence the mobilities of the carriers are given. The combined motion of electrons 
and holes, termed ambipolar, is also introduced.
4.2 Carrier drift, conductivity and the Hall effect
An electric field applied to a semiconductor will cause electrons and holes to 
move. This movement, due to the presence of the electric field, is called drift. In a 
uniform electric field the accelerating charged particles undergo collisions and 
scattering events which alter the velocity of the particle. The particle will appear over 
a period of time to be travelling with an average velocity Vav which can be written as
34
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4.1
where E is the electric field and ji is the proportionality constant called the mobility. 
The mobility describes how well the charged carrier moves in an electric field. The 
drift of both electrons and holes in an electric field will give rise to a combined drift 
current density which is given by
•^dnft=e[p„n + p^p)E  4.2
where p-n and Pp are the mobilities corresponding to the electron (n) and hole (p) 
concentrations.
The conductivity, a, of a semiconductor is defined
a  = {p,p + p^p)  4.3
and is a function of the electron and hole concentrations as well as their 
corresponding mobilities. In extrinsic semiconductors the conductivity is primarily a 
function of the majority carrier parameters.
The Hall effect results from the forces that a moving charge experiences from 
electric and magnetic fields. The Hall coefficient can be written as
R = — — 4.4ne
when the charge carriers are electrons and
«  = —  4.5pe
when the charge carriers are holes. The Hall effect provides a practical way of 
determining whether a semiconductor is n-type or p-type and determining the
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concentration of carriers. When combined with a measurement of the conductivity, 
the Hall effect can also be used to determine the mobility of the charge carriers. The 
Hall mobility, [in, is defined as the product of the Hall coefficient and the 
conductivity.
4.6
The Hall mobilities are obtained from quantities that are easily measured and have the 
same dimensions as the drift mobilities.
4.3 Comparison of Hall and drift mobilities
The Hall mobilities for electrons and holes can be converted into the true drift 
mobilities using the following equations
7/_ \2 />
Mp = F hp 4.7
for the hole mobility and
4.8
n/
for the electron mobility. The quantity x is the mean free time between carrier
(r ycollisions. The quantity is dependent on the dominant scattering mechanism
that exists in the semiconductor. This does not usually deviate far from unity and so 
the Hall mobility will give a rough indication of the true mobility. In the following 
chapters, where experimental measurements of carrier mobilities are made, the 
mobility measured will always be the true drift mobility.
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4.4 Scattering mechanisms
It has previously been stated that the mobility relates how well a charge 
carrier moves within an electric field. The movement of the charge carrier will 
obviously be affected by collisions or scattering mechanisms. The mobility can also be 
written in the form
In semiconductors the most important scattering processes involve the interaction of 
electrons or holes with lattice vibrations and with impurity atoms. At high 
temperatures or in high purity samples the scattering due to lattice vibrations 
dominates. In impure samples or at low temperatures the effects due to impurity 
scattering becomes more important. The scattering mechanisms will now be 
discussed with reference to GaAs. The cases of bulk, heterostructure and quantum 
well samples are considered.
4,4.1 Scattering in bulk samples
There are two mechanisms that dominate the scattering of electrons and holes 
in bulk GaAs [4.1] samples; phonon or lattice scattering and ionised impurity 
scattering.
At low temperatures the thermal energy available to excite optical-mode 
lattice vibrations is low and so most lattice scattering will occur due to acoustic-mode 
lattice vibrations. The scattering effects due to acoustic phonon scattering contribute 
only 10% to the total lattice scattering at room temperature where the effects of 
optical-mode scattering are more pronounced.
Lattice vibrations cause the atoms that make up the crystal to vibrate about 
their normal lattice positions. These vibrations disrupt the perfect periodic potential 
present in solids. This leads to interaction between the electrons or holes with the 
vibrating lattice atoms. The lattice scattering is related to the thermal motion of the
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atoms and so is a function of temperature. The mobility due to lattice scattering can 
be written as
jU oc-L  4.10
The mobility due to lattice scattering will increase as the temperature decreases.
The second scattering mechanism of importance in bulk GaAs is that due to 
the presence of ionised impurity atoms [4.2]. These scattering effects dominate the 
mobility at low temperatures and also reduce the mobility at high temperatures (see 
Figure 4.1).
The scattering occurs due to the Coulomb interaction that exists between 
charge carriers. This interaction will alter the velocity characteristics of the charge 
carriers through collisions or scattering events. The mobility due solely to ionised 
impurity scattering can be written as
3
jJ. oc  4.11N,
where Ni is the total ionised impurity concentration. As the temperature increases so 
the thermal motion of the carriers increases, reducing the time that a charge carrier 
spends interacting with any ionised impurity. The less time spent interacting, the 
smaller is the expected scattering effect and so a larger mobility is expected. If the 
ionised impurity concentration is increased then there is a higher probability that the 
charge carrier will encounter an impurity atom and so the mobility is expected to be 
reduced.
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Figure 4.1 Drift mobility for GaAs at 300K as a function o f 
impurity concentration (after Sze [4.2]).
If these two scattering mechanisms can be considered to be independent then 
it is possible to sum the mobilities due to each scattering mechanism as follows
4.12
The additional scattering processes that are present in heterostructures and quantum 
wells will now be considered.
4.4.2 Scattering in heterostructures
There has been a number of reports on the electron mobilities in modulation- 
doped materials. This doping technique separates the mobile carriers from their 
ionised parents and creates a two-dimensional electron layer within the 
semiconductor host, The confinement occurs in a triangular potential well with 
dimensions ~ 10-20 nm. The separation of the electrons from the ionised impurity 
atoms has allowed very high electron mobilities to be obtained at low temperatures 
[4.3]. There have been fewer studies on the corresponding hole mobilities [4.4]. The
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investigations have shown that the mobilities for 2D electrons and holes follow the 
mobilities obtained in high quality bulk materials down to low temperatures. The 
main scattering mechanisms are the same as those in bulk semiconductors.
4.4.3 Scattering in quantum wells
There are a number of additional scattering mechanisms in quantum well 
semiconductors that are not evident in bulk or heterostructure samples. When 
quantum wells are compared to heterostructures it is obvious that the confinement is 
more pronounce in the quantum well case. For well-widths below ~7 nm scattering 
mechanisms due to the interface become important.
Microscopic fluctuations in the quantum well well-width will lead to 
fluctuations in the quantisation energy. These fluctuations become more important as 
the well-width is reduced [4,5] and lead to what is termed as interface roughness 
scattering. The mobility due to this mechanism has been found theoretically and 
experimentally to be strongly dependent on the well width [4.6].
When the quantum well is surrounded by a ternary or quaternary barrier 
material, as is the case for GaAs/AlGaAs quantum wells, barrier-alloy-disorder 
scattering occurs [4.5,4.7]. This mechanism is related to the penetration of the carrier 
wavefunction into the barrier material and depends on the barrier height and the well 
width. Atoms from the alloy are randomly distributed in the barrier and this leads to a 
fluctuating potential and causes a scattering process in the barrier itself. Tliis 
mechanism is very small in heterostructure but becomes more important as the 
confinement increases.
The two scattering mechanisms described above for the case of quantum well 
semiconductors will limit the mobility at low temperatures and reduce it at high 
temperatures. They are both due to localised perturbations near the interface. This 
will lead to a stronger effect on "s-type" wavefiinctions such as electrons than on the 
"p-type" wavefiinctions of holes [4.5]. A further consequence of this will be band 
tailing in the energy spectrum.
The scattering of charge carriers from ionised impurities in 2D has been 
shown to be larger than that in 3D [4.8]. This arises from the increased overlap of the
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charge carriers waveflinctions with the impurities and that the screening of impurities 
is weaker when compared to bulk semiconductors.
4.5 Carrier diffusion
There is a second mechanism which will lead to the movement of carriers 
within a semiconductor known as diffusion. Diffusion is the process where particle 
flow from a region of high concentration toward a region of low concentration. This 
motion of charge carriers results in a diffusion current density which is related to the 
spatial gradient of the charge concentration by the following relationship
4.13
where n and p refer to electrons and holes and x denotes the direction of the 
concentration gradient. De(h) is the electron (hole) diffusion coefficient which relates 
how well the electrons (holes) move due to a density gradient.
The diffusion coefficient can be related to the mobility, within the Boltzman 
approximation, using the Einstein relation
The mobilities have been shown to be strongly dependent on scattering processes and 
so therefore are the diffusion coefficients.
4.6 Ambipolar transport
When excess electrons and holes are generated in a semiconductor by a 
process such as optical excitation the electrons and holes do not move independently
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of each other. They will difihjse and drift with the same effective diffusion coefficient 
and drift mobility, This phenomena is called ambipolar transport.
When an excess population of electrons and holes are generated at a certain 
point within a semiconductor they will diffuse to cancel any gradient in the carrier 
concentration. Due to the higher mobility of the electrons when compared to the 
holes, the electrons would be expected to diffijse faster leaving the holes behind. 
Since the motion involves charge carriers any separation of the electrons and holes 
will lead to the formation of an electric field. This field will tend to slow the motion 
of the electrons and increase the motion of the holes. The electron and hole 
distributions will therefore diffuse together with a single effective difl^ision 
coefficient. This diffusion coefficient is called the ambipolar diffusion coefficient and 
is given as
4.15
In GaAs De »  Dh and the ambipolar diffusion coefficient is dominated by the slower 
hole diffusion. The ambipolar diffusion coefficient can be approximated to twice the 
hole diffusion coefficient (with n = p) as shown below.
4.16D D ,2n = 2D,D^n
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5
Experimental techniques
5,1 Summary
In the following chapter the basic experimental techniques used to study the 
optical properties of multiple quantum wells are introduced.
5.2 Introduction
The optical properties of multiple quantum wells provide important 
information on fondamental physical properties as well as allowing their use in a 
number of optical devices. In a multiple quantum well or indeed any semiconductor 
the creation of free electrons and holes can occur via the absorption of radiation with 
a photon energy above the band gap energy. The radiation can take the form of a 
standard white light source or that emitted from a laser. The principle experiments of 
interest are ones that allow the measurement of linear absorption spectra, these 
provide important information on the position of exciton resonances and band 
structure, and those that allow the dynamical behaviour of initially excited carriers to 
be monitored. In the following sections the experimental techniques utilised to make 
these measurements will be discussed.
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5.3 Linear absorption measurements
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The measurement of the linear absorption of a semiconductor sample can be 
carried out in a number of ways. The basic technique involves measuring the 
absorption of light passing through the multiple quantum well sample while scanning 
the wavelength of the incident light. The light source can be a laser, in this case the 
laser wavelength is scanned, or a standard white light source, where the wavelength 
selection is made via a monochromator. Care must be taken to ensure that the 
incident light does not induce any saturation as this will clearly not allow the 
measurement of the linear absorption. (The teclinique using the laser can be used to 
look at saturation effects as the power can usually be varied above the linear regime). 
It is also important that the obtained data is calibrated for any spectral variation in the 
power of the light source as the wavelength is scanned.
W h ite  light P in  h o le
PM T
S a m p leR ef. in O u tp u t
S ig n a l o u t
L ock -in  a m p lifier
C o m p u te r
S c a n n in g
M o n o ch ro m a to r
Figure 5,1 Experimental set-up for the measurement o f the linear 
absorption using a white light source.
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The experimental arrangement for the measurement of the linear absorption 
using a white light source is shown above.
The light from the source, usually a high power (100 W) tungsten bulb is 
collimated and then focused on the blade of a chopper using a series of lenses. The 
chopper is used to allow phase sensitive detection via the lock-in amplifier. After the 
chopper the light is again collimated and made incident on the sample which is 
positioned directly in front of an aperture. A scanning monochromator in conjunction 
with a photomultiplier and lock-in amplifier are then used to measure the absorption 
as the wavelength is scanned. The data is recorded at incremental steps of the 
wavelength scan, by the computer. If necessary the experiment can be repeated a 
number of times to allow averaging. Once the experiment is completed the data is 
corrected for the spectral response of the lamp using a control run which is carried 
out with no sample present.
The measurement of the linear absorption using a laser is essentially the 
same as the method described above. The spectral purity of the laser light negates the 
need for the monochromator, although the danger of inducing saturation is much 
more of a problem. This can be resolved by measuring the absorption at a number of 
power levels to ensure the experiment is being carried out within the linear regime. 
The experimental set-up is shown below.
B e a m  sp litter
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C h o p p e r
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D e te c to r  1 L ock -in  A m p lifier
Figure 5.2 Experimental set-up for the measurement o f the linear 
absorption using a laser.
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Phase sensitive detection, via the chopper and a lock-in amplifier, is again used to 
increase the signal to noise ratio. The detector measuring the intensity of the light 
reflected from the beam splitter is used to normalise the signal and in so doing correct 
the data in real time for any power variation in the laser light. The data is again 
recorded using a computer. To obtain the full wavelength sweep of the linear 
absorption the laser must be tuneable over that range. These measurements can 
provide no detail on the temporal dynamics of the processes that occur within 
quantum wells. For these measurements the technique know as degenerate time- 
resolved pump-probe is used.
5.4 Degenerate time-resolved pump-probe
To time resolve the optical properties of quantum wells the most commonly 
used technique is that of degenerate time-resolved pump-probe. This technique 
measures the changes in transmission of a sample as the relative delay between a 
strong pump pulse and a weaker probe pulse is varied. By detecting the probe 
transmission as the delay is scanned it is possible to time resolve a number of 
mechanisms. The source used in these experiments is a self-mode locked 
Titanium: sapphire laser.
5.4.1 Self-mode locked Titanium:sapphire laser
The self-modelocked titanium: sapphire used in the following experiments is 
a Spectra Physics Tsunami. The Tsunami is pumped by a Spectra Physics 2060 
Beamlock argon ion laser typically producing 7 W (multiline). The Tsunami can 
produce femtosecond or picosecond pulses which can be tuned over the range 720- 
lOSOnm (770-920 nm with current mirror set). The laser operates in a pulsed mode 
with a repetition frequency of 82 MHz. For the purpose of the experiments described 
in this thesis the laser was operated solely in the picosecond regime. The pulses are 
measured using autocorrelator techniques and observed to have durations of ~1 ps 
(FWHM).
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5.4,2 Autocorrelation measurements
With picosecond pulses the temporal duration of the pulses are measured 
using autocorrelation techniques. This method uses the non-linear process of second 
harmonic generation in a crystal to obtain a spatial autocorrelation trace of the optical 
intensity rather than the actual pulse shape. The principle of operation relies on the 
instantaneous electronic mechanism underlying second harmonic generation together 
with the ability to accurately measure length. The autocorrelator is based on a 
Michelson interferometer with a scanning arm. The arrangement can be seen in 
Figure 5.3.
R e tr o r e fle c to r  m o u n te d  
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S e c o n d  h a r m o n ic  ^ g a m  tra n sla tio n  s t a g e
g e n e r a t in g  cry sta l
Figure 5.3 Autocorrelator set-up for measuring picosecond pulses.
The incoming pulses pass through the interferometer and are then focused 
into the second harmonic crystal and the second harmonic generated light is then 
detected with photomultiplier tube.
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One arm of the autocorrelator contains a stationary mirror and the other has 
the end mirror mounted on an audio speaker to provide a varying delay between the 
arms. The width of the detected second harmonic signal gives the laser pulse width 
(assuming sech  ^ pulse shapes an autocorrelation factor of 1,54 is used in converting 
the measured autocorrelation pulse width to the actual laser pulse widths). An 
example of an intensity autocorrelation for a 1.5 ps pulse (FWHM) is given in Figure 
5.4.
5.4.3 Pump-probe experimental setup
The basic experimental setup is shown in Figure 5,5. The output from the laser is 
steered into the pump-probe set-up and divided in two by the beamsplitter (50:50 
BBS-650.0-1100-2025-45). The pump pulses pass straight through the beamsplitter 
and are focused onto the sample by a 10cm lens. The probe pulses are delay in an 
optical delay line to afford the temporal variation in the time between the pump pulse 
being incident on the sample and the probe pulse arriving.
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Figure 5.4 Intensity autocorrelation o f a 1.5 ps puise (FWHM).
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Figure 5.5 Experimental set-up for degenerate time resolved pump- 
probe measurements.
The optical delay line consists of a aluminium retroreflector mounted on a 
stepper motor driven translation stage. The stage is computer controlled via an IEEE 
interface. The pulses are bounced off the retroreflector and then onto a plane mirror. 
The probe pulses are reflected back along their original path by the mirror. The use of 
the plane mirror eliminates variation in the pointing direction of the probe beam as 
the delay line is scanned. Due to the four reflections of the probe beam in the delay 
line the pulses see 4cm of path change for eveiy 1cm that the stage is scanned. The 
probe pulses are then focused through the same lens used for the pump pulses onto 
the sample under investigation. The probe is typically made much weaker than the 
pump pulse (1: 20) using neutral density filters, The total path seen by the pump 
pulses is matched to that seen by the probe pulses to give the zero delay point. All the 
mirrors used in the experimental setup were dielectric with a broadband infra-red 
coating (BB1-R2)
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The pump puises were chopped using an optical chopper to allow phase 
sensitive detection. The modulation of the pump beam is transferred to the probe 
beam which is measured using an amplified silicon detector (DETl-SI/M) and a 
lock-in amplifier (SR810). If the probe was chopped the resulting signal would be a 
measure of the sum of the transmission change (dT) and the transmission (T). Since 
the signal of interest is the transmission change (dT), which is usually much smaller 
than the transmission T, the pump was chopped to allow the direct detection of dT. A 
A,/2 plate (QWPO-830-05-2) was used to enable polarisation selection of the probe 
pulses and rejection of the strong pump pulses. The motion of the stage and the 
collection of the readings from the lock-in amplifier were under computer control. A 
typical result obtained using the pump probe technique is shown in Figure 5.6.
The trace obtained from the pump probe experiment shows an initial 
dramatic rise in the transmission for the probe pulses followed by a very long 
recovery. The initial change in the transmission occurs due to saturation of an optical 
transition by the passage of the pump pulse through the sample. The pump pulse 
generates free electrons and holes which occupy the lowest lying levels in the valence 
and conduction bands. These optically generated carriers block further generation 
into these levels and so the delayed probe pulses experience a reduced absorption. 
This effect is heightened if the transition corresponds to that of an exciton resonance, 
(The excitons are thermalised on sub-picosecond timescales at room temperature, 
into free electrons and holes by LO-phonon collisions.)
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Figure 5.6 Time-resolved change in transmission for sample S5I at a 
wavelength o f 811 nm.
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Figure 5.7 Experimental set-up for spin relaxation studies.
The probe pulses are scanned temporally and map out the recovery of the 
transmission to the level experienced before the pump pulse was incident on the 
sample. The recovery occurs due to the recombination of the generated free carriers. 
This can correspond to timescales of Ins or longer,
Further modifications to the standard pump-probe set-up can be made to 
allow the measurement of a number of additional time constant. These include spin 
relaxation and transient grating studies.
5.4.4 Spin relaxation studies
The experimental setup for the investigation of spin relaxation is essentially 
the same as that previously described for degenerate pump-probe studies. The only 
difference is the addition of A74 plates (IOQM20HM-15) in the pump and probe arms 
to produce circularly polarised light (see figure 5.7). Circularly polarised light is 
confirmed by placing an analyser after the X/4 plate and checking that the emerging
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signal is of equal intensity when the analyser is orientated parallel and perpendicular 
to the initially linear polarised laser light.
5.5 Transient grating studies
Transient gratings within semiconductors can be used to measure a number 
of nonlinear optical properties. Monitoring the grating decay allows the spatial 
dynamics of optically excited carriers to be investigated.
The experimental setup used in the production and subsequent monitoring of 
the gratings are shown in Figure 5,8.
The two excite pulses are made incident at an angle of 0 to the normal at the 
sample surface. The pulses are overlapped both temporally and spatially, allowing 
interference to occur and the production of a concentration grating. A third time 
delayed pulse is then used to probe the grating and monitor its decay.
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Figure 5.8 Experimental set-up for concentration grating studies in 
multiple quantum wells.
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The puises are overlapped spatially and checked using an IR-camera. Their 
temporal overlap is achieved by carrying out pump-probe measurements with the 
probe and each of the excite beams in turn. This allows the "zero delay point", which 
corresponds to temporal overlap, to be ascertained for each of the excite beams. One 
of the excite beams is then translated in time relative to the other and so ensures 
overlap between the two excite pulses. The photodiode placed at the diffraction angle 
to measure the grating decay, also allows the signal to be fiirther maximised by small 
changes in the spatial and temporal overlap. The two excite beams are coplanar but 
the probe beam is made to approach on a different plane. This allows better signal to 
noise on detection as the diffracted probe beam direction is distinct from any of the 
other beams.
The beams are focused using a single lens onto the sample. This allows the 
grating period to be changed by simply moving the two excite beams closer together 
or further apart to increase or decrease the spacing respectively.
6
Sample description and optical properties
6.1 Summary
This chapter introduces the samples that will be used in the following 
chapters and introduces their basic optical properties.
6.2 Introduction
In this chapter the samples under investigation will be described. To begin 
with the structure of each sample is outlined from the point of view of composition, 
quantum well width and doping levels. The linear absorption curves for the samples 
are given and the positions of the exciton resonances are noted. The saturation of 
optical transitions is then studied using wavelength scans of the initial transmission 
change induced in pump probe measurements. For two of the samples a simple single 
beam measurement is also carried out to look at intensity dependent saturation of the 
exciton resonance.
The results obtained from the above experiments are compared to 
theoretical prediction of the optical properties using simple models. The carrier 
densities are calculated for the power levels used in these and the follov^ng 
experiments. The samples are described in order of decreasing quantum well width 
beginning with FK141 (well width 9.0nm), G1273 (well width S.Onm), KLB (well 
width 6.5nm) and finally S51 (well width 4.4nm).
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6.3 Sample FK141
Sample FK141 was grown by T Brennan and G. Hammons of the USAF 
Phillips Laboratory. The sample was grown by molecular beam epitaxy. The structure 
consists of a 2 0 Â GaAs cap grown on a 700Â Alo.zGao.gAs barrier followed by 15 
periods of 90Â GaAs wells and 100Â Al0 .2 Gao.sAs barriers, a 700A layer of AlAs 
etch stop, a 3961A GaAs buffer and a 500pm GaAs (100) substrate. The wells are 
unintentionally doped with p-type dopant levels under 2xlO^Vm‘^ . The sample was 
anti-reflection coated with two layers of Ta2 0 s and Si0 2 .
The linear absorption curve for FK141 is shown in Figure 6.1(a). The 
positions of the heavy hole exciton resonance is clearly resolved around 846nm. The 
position is more apparent in the differential transmission spectra given in Figure 
6.1(b). This curve was obtained using the previously described pump-probe technique 
with the probe pulses set to arrive at a fixed positive delay with respect to the pump 
pulses. The change in transmission of the probe pulses was then measured as a 
function of the laser wavelength. Figure 6.1(b) shows a small contribution due to 
broadening evidenced by the negative transmission change in the wings of the exciton 
resonance.
The energy levels in the quantum wells of FK141 were calculated using 
graphical solutions to the equations for a finite potential well (Chapter 2 ). The first 
two levels for the electron, Ee, the heavy hole, Eij,, and the light hole, Eih, are given in 
the table below. These give the position of the band edge to be at approximately 847 
nm and the heavy hole exciton resonance at 852 (assuming an exciton binding energy 
of ~ 8  meV). These are in reasonable agreement with the features of the linear 
absorption spectrum and can be seen as confirmation of the stated well width.
Table 6.1 Energy levels in sample FK141.
1^ 0.0332 0.0068 0.0241
2 nd 0.1188 0.0267 0.0843
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Figure 6.1 Linear absorption (A) and differential transmission (B) as a
function of wavelength for sample FK14L
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6.4 Sample G1273
Sample G1273 was grown by molecular beam epitaxy by P. Cook at the US 
Army Research Laboratory in New Jersey. The sample consists of 38 periods of 80Â 
GaAs wells surrounded by 80Â Alo.3 Gao.7 As barrier. The sample was unintentionally 
doped p-type, with doping levels less than 2xl0 '^*cm' .^ The sample was anti­
reflection coated.
The linear absorption curve for G1273 is shown in Figure 6.2(a). The 
positions of the heavy hole and light hole exciton resonances are clearly resolved at 
837 nm and 828 nm. The differential transmission spectrum is given in Figure 6.2(b).
The energy levels in the quantum wells of G1273 were calculated. The first 
two levels for the electron, Ee, the heavy hole, Em, and the light hole, Eih, are given in 
the table below, The calculated position of the band edge is approximately 839 nm 
and the heavy hole exciton resonance at 843 nm (assuming an exciton binding energy 
of -  8  meV). These are in reasonable agreement with the features of the linear 
absorption spectrum and can be seen as confirmation of the stated well width.
Table 6.2 Energy levels in sample G1273.
Ee (eV) Ehh (eV)
jst 0.0444 0.0088 0.0324
2 nd 0.1426 0.0349 0,1164
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Figure 6.2 Linear absorption (A) and differential transmission (B) as a
function of wavelength for sample G1273.
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6.5 Sample KLB
Sample KLB (269) consists of 120 periods of 65Â GaAs quantum wells 
surrounded by 21.2nm Alo.4 Gao.6 As barriers. The background doping is lO^ c^m"^  p- 
type. The sample is anti-reflection coated on both sides and mounted on a sapphire 
base for mechanical stability and heat sinking.
The linear absorption curve for KLB is shown in Figure 6.3(a).The positions 
of the heavy and light hole exciton resonances are clearly visible at 830 nm and 820 
nm. The differential transmission spectra is given in Figure 6.3(b).
The energy levels in the quantum wells of KLB were calculated. The first 
two levels for the electron, Ee, the heavy hole, Ehh, and the light hole, E^, are given in 
the table below. These give the position of the band edge to be at approximately 824 
nm and the heavy hole exciton resonance at 828 (assuming an exciton binding energy 
of ~ 8  meV). These are in reasonable agreement with the features of the linear 
absorption spectrum and can be seen as confirmation of the stated well width of 6.5 
nm.
Table 63  Energy levels in sample KLB.
Ehh (eV)
l^ t 0,0632 0.0174 0.0446
2 nd 0.2260 0.0685 0.1592
SAMPLE DESCRIPTION AND OPTICAL PROPERTIES 63
2.5
2.0
1.5
1.0
0.5
0.0
810 820 830 840 850
Wavelength (nm)
0.4
=! 0.3
I 0.2
0.0I ,S -0.1 H
0.2
8 1 0 8 2 0 8 3 0 8 4 0 8 6 0
Wavelength (nm)
Figure 6.3 Linear absorption (A) and differential transmission (B) as a
function of wavelength for sample KLB.
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6 . 6  Sample S51
S51 was grown by molecular epitaxy at Sharp Laboratories in Oxford. The 
sample consists of 60 periods of 44À wells surrounded by 175Â Alo.3 3Gao.6 7 As 
barriers. The sample has an unintentional background p-type doping less than 2x10' '^  ^
cm'^ .
The linear absorption curve for S51 is shown in Figure 6.4(a).The positions 
of the heavy hole exciton resonance are clearly resolved around 811 nm and 798 nm. 
The differential transmission spectrum is given in Figure 6.4(b).
The energy levels in the quantum wells of S51 were calculated. The levels 
for the electron, Ee, the heavy hole, Ehh, and the light hole. Eu,, are given in the table 
below. These give the band edge to be at approximately 801 nm and the heavy hole 
exciton resonance at 805 (assuming an exciton binding energy of ~ 8  meV). These 
are in reasonable agreement with the features of the linear absorption spectrum and 
so can assume the 4.4 nm well width to be correct.
Table 6.4 Energy levels in sample S5I.
Ee (eV) Ehh (eV)
f S t 0.0934 0.0303 0.0658
- 0.1134 -
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Figure 6.4 Linear absorption (A) and differential transmission (B) as a
function of wavelength for sample S51.
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6.7 Single beam saturation m easurem ents
Single beam saturation measurements were carried out on samples KLB and 
S51. The laser was tuned to the heavy hole exciton resonance and the transmission of 
the beam was measured as a function of the laser intensity, The results obtained are 
shown in Figure 6.5 for KLB and Figure 6 . 6  for SSL From these results it is possible 
to measure the maximum change in the transmission of the samples as the excitonic 
resonance is saturated. Using the linear absorption measurements it is possible to 
make an estimate of the excited carrier densities necessary to induce saturation.
6.7.1 Estimation o f the carrier excited carrier densities
The first thing to do in estimating the excited carrier density is to work out 
the energy in the exciting laser beam.
The Tsunami laser has a repetition rate of 82 MHz and assuming an 
average power of ImW produces pulses with an energy of-lOpJ. The power in the 
pulse can be calculated if the pulse width is known. In the case of a Ipsec pulse the 
power per pulse is ~10W. The spot size after the focusing lens was measured using a 
travelling razor blade to be of radius 30pm. Using this the peak intensity of the pulses 
is found to be -4x10^ Wcm" .^
Assuming the anti-reflection coating on the samples induces no losses in the pulse 
intensity incident on the sample then the energy of the light absorbed is given by
6.1
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Figure 6.5 Change in transmission o f a single beam for sample KLB at 
the heavy hole exciton resonance (830 nm) with a spot size o f 30 pm.
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Figure 6,6 Change in transmission o f a single beam for sample S51 at 
the heavy hole exciton resonance (811 nm) with a spot size o f 30 pm.
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The number of photons absorbed is given by
am
where Epuise is the pulse energy and /Ico is the photon energy. If the internal quantum 
efficiency is assumed to be 1 0 0 % then for every absorbed photon a free electron and 
hole are generated.
For sample KLB the value of ad is obtained from the linear absorption curve 
(see Figure 6.3(a)) to be 2.4 at the heavy hole resonance. For ImW of average laser 
power this value is reduced to 1.7 due to saturation and so leads to the excitation of 
- 1 x 1 0 ^^  electron-hole pairs cm' .^
For sample S51 the number of electron-hole pairs excited by a laser tuned to be 
resonant with the heavy hole resonance and of average power of ImW is also 
-1x10^® cm'^ .
7
Broadening, screening and 
phase space filling
7.1 Summary
The contributions of screening, broadening and phase space filling to exciton 
saturation in multiple quantum wells are investigated. The effects arising from phase 
space filling are distinguished from those due to screening and broadening using the 
spin dependent contribution that phase space filling makes to exciton saturation. The 
contributions of broadening and screening are separated through their differing 
carrier density dependences. The results obtained for three quantum well samples of 
varying well width are presented and discussed.
7.2 Introduction
The effects of screening, broadening and phase space filling on exciton 
saturation in semiconductor quantum wells are important parameters in the 
measurement of optical nonlinearities and monitoring carrier dynamics. These 
features also limit the performance of a number of devices at high optical power 
levels where large densities of optically excited carriers are created. This chapter 
describes an experiment that has been carried out to investigate the relative 
importance of screening, broadening and phase space filling in multiple quantum wells
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of varying widths. At room temperature, excitons are ionised by collisions with LO- 
phonons witliin a few hundred femtoseconds [7.1]. Therefore on timescales longer 
than the exciton ionisation time we must consider exciton saturation in terms of free 
carrier induced effects.
Saturation of the exciton absorption by free carriers can occur as a result of 
exclusion effects and Coulombic effects (such as screening and/or broadening). These 
effects have already been described in detail in Chapter 3 and so will only be 
described briefly. The effects due to the exclusion principle can be described by 
means of phase space filling. This arises as the carrier densities increase so that the 
low lying k-states become occupied thus block transitions involving them. These are 
the states from which the exciton is derived and so their filling rules out the 
possibility of creating the excitons associated with them.
The screening properties of large densities of free carriers also produce 
exciton saturation. The presence of free carriers will modify the dielectric constant 
and in so doing, change the size of the exciton orbit, usually increasing it. This leads 
to a reduction in the absorption strength. A simple Coulomb calculation of the 
screening effect is not sufficient at high carrier populations. Here the screened 
Coulomb potential is further modified by exchange effects for particles with equal 
spins and Coulomb associated effects for all particles. The exchange effects arise due 
to Pauli exclusion and prevents Fermions with equal quantum numbers (i.e. spin 
states) from occupying the same point in space. This further separates the electrons, 
again increasing the size of the exciton and reducing the absorption. This 
modification to the simple Coulomb screening is known as exchange-screening 
(sometimes called Fermion-exchange). Equally charged Fermions with differing 
quantum numbers will also avoid each other due to coulomb repulsion. This effect is 
termed Coulomb-hole and will also reduce the overall energy of the system. These 
effects are very short-ranged when compared to the long-range Coulomb correlations 
that give rise to classical screening. Indeed in an electron-hole plasma, the long-range 
many-body effects can be associated with the electrostatic screening in the classical 
sense. In 2D, long-range electrostatic screening is known to be less important than in 
3D [7.2] . This reduction in screening can simply be explained by considering the 
reduced number of dimensions the carriers are free to move in.
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Broadening of the exciton resonance in a quantum well will lead to reduced 
absorption at the peak of the exciton. This contribution is induced by collisions with 
free carriers and will result in an increase of the exciton linewidth while the overall 
oscillator strength is maintained.
There has been some misunderstanding concerning the concept of screening 
and its contribution to exciton saturation, most of which can be traced to Schmitt- 
Rink et al [7.3].
Schmitt-Rink considered exciton saturation, in multiple quantum wells, by a 
free carrier plasma as a result of phase space filling and Coulombic effects (neglecting 
broadening). The Coulombic effect on the exciton resonance was divided into two 
distinct terms; a long-range classical screening term (independent of the energy 
distribution of the plasma) and a short-range term called the exchange contribution 
(dependent on the energy distribution of the plasma). The classical screening term 
was considered to be unimportant in quantum well semiconductors and so only the 
exchange term was considered. The remaining terms due to phase space filling and 
exchange were then shown to be of equal importance. The reduced importance of 
classical screening in two dimensions was confirmed experimentally using a non- 
thermal electron-hole plasma excited well above the band edge [7.2]. The popular 
misconception has therefore arisen that all Coulombic effects in quantum wells are 
negligible. This has been shown experimentally to be incorrect [7.4] and demands that 
care be taken when neglecting screening effects. The term screening will be used 
from now on to describe processes which reduce the Coulomb interaction.
To separate the contributions of screening and broadening fiom those of 
phase space filling it is necessary to employ non-equilibrium carrier distributions. The 
long-range screening effects can be examined by excitation into the continuum states 
as described above, although the distinction of the remaining effects is not so 
straightforward.
Snelling et al [7.4] used circularly polarised light in pump-probe experiments 
to distinguish the contributions to exciton saturation. They demonstrated 
experimentally and theoretically that the contributions firom phase space filling and 
Coulomb screening and broadening are of similar magnitudes at room temperature in 
GaAs multiple quantum wells. The monitoring of exciton saturation on the long
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wavelength side of the exciton resonance using circularly polarised light allowed 
Snelling to observed the effects of density dependent broadening. In this chapter the 
broadening contribution to exciton saturation is investigated for a number of different 
quantum well widths. The effects due to broadening at the heavy hole exciton 
resonance are isolated by their density dependence from those of Coulomb screening 
and phase space filling.
In the following experiment the spin dependent nature of the phase space 
filling nonlinearity is used. The effects due to phase space filling are sensitive to 
carrier spin unlike those due to broadening and screening (within the Boltzmann 
approximation). It is therefore possible to separate their relative contributions using 
the spin sensitive selection rules present in quantum wells. The use of circularly 
polarised light allows the generation of 100% spin polarised carriers. This process is 
illustrated in Figure 7.1.
When a linearly polarised excite pulse is made resonant with the heavy hole 
exciton transition in a quantum well equal population of spin up and spin down 
carriers are created. This process is shown in Figure 7.1(a). Here the conduction band 
of the semiconductor is drawn consisting of two quadrants (labelled t  and >L). These 
correspond to the two spin states that exist for electrons in the conduction band. A 
weak probe pulse of orthogonal linear polarisation, arriving after the excite pulse will 
then see an increase in the transmission of the sample due to the effects of screening 
and phase space filling.
If the excite pulse consists of circularly polarised photons then only one spin 
state of the conduction band is populated (as shown in Figure 7.1(b) and (c)). A 
delayed probe pulse of the same circular polarisation (Figure 7.1(b)) will then 
examine the population of this spin state and see an enhanced contribution due to 
phase space filling when compared with the case described for Figure 7.1(a). For the 
case of a probe pulse with opposite circular polarisation (as shown in Figure 7.1(c)) 
the probe pulse examines the empty spin state and so in this case there is no 
contribution from phase space filling to the exciton saturation. The probe therefore 
experiences a reduced transmission when compared to the case of opposite linear 
polarised pulses. The populations of the two spin bands equalise over time due to
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spin relaxation. The temporal nature of the spin relaxation process will be discussed 
in the following chapter.
The remaining effects due to screening and broadening that contribute to 
exciton saturation can be distinguished using their dependencies on the excited carrier 
density.
After an initial description of the experimental set-up the results obtained are 
presented and discussed.
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Excite \^ / Orthogonal linear 
polarisation (OLP)
Probe
Excite
B
♦ Same circular polarisation (SCP)
Probe
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c
Opposite circular 
polarisation (OCP)
Probe
Figure 7.1 Illustration o f the spin state populations under examination, 
a) Opposite linear polarisation, b) Same circular polarisation, c) 
opposite circular polarisation.
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7.3 Experimental details
Exciton saturation in GaAs-AIGaAs multiple quantum wells, at room 
temperature, was investigated using the degenerate pump-probe technique described 
in Figure 5,7.
7.4 Results
The experiment was carried out in three quantum well samples of varying well 
width in order to contrast the effects. The samples used were FK141 (9.0 nm well 
widths), KLB (6.5 mti well widths) and S51 (4.4 nm well widths). Excitation 
resonant with the heavy hole exciton for each sample was carried out and the time 
evolution of the saturation recovery was monitored with a time delayed probe pulse. 
The initial change in transmission was measured for pump and probe pulses with 
opposite linear polarisation, opposite circular polarisation and same circular 
polarisation. The production of the various circular polarisation was achieved using a 
À/4 plate in the pump and probe arms.
A typical result obtained is shown in Figure 7.2. The experiment was repeated 
for varying pump powers (corresponding to varying excited carrier densities). This 
allowed the power dependence of the initial transmission change to be measured. 
Figures 7.3, 7.4 and 7.5 show the initial change in transmission as a function of 
power for each of the samples. The curve labelled Coulomb is the measure of the 
initial transmission change present when the pump and probe pulses are opposite 
circular polarisation (no phase space filling contribution present). The phase space 
filling curve is a plot of the initial difference between the opposite linear polarisation 
and either same circular polarisation or opposite circular polarisation curves.
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Figure 7.2 Initial change in transmission as a function o f probe 
delay for sample S51.
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Figure 7.3 Initial change in transmission at the IS  exciton 
resonance (845 nm) as a function o f pump power for sample FK14L 
Insert shows the differential transmission as a function o f 
wavelength.
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Figure 7,4 Initial change in transmission at the IS  exciton 
resonance (830 nm) as a function o f pump power for sample KLB. 
Insert shows the differential transmission as a function o f 
wavelength.
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Figure 7.5 Initial change in transmission at the IS  exciton 
resonance (812 nm) as a function o f pump power for sample S51. 
Insert shows the differential transmission as a function o f 
wavelength.
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7.5 Discussion
The first thing that is apparent from Figure 7.2 is that there is a substantial 
absorption change in the absence of phase space filling. In the opposite circular 
polarisation configuration the decrease in the exciton absorption occurs solely due to 
Coulombic effects (screening and lineshape broadening). This behaviour is mirrored 
for the other two samples and shows that screening is important in 2D systems as 
previously reported [7,4], When the light polarisations are set to the other two 
configurations, namely opposite linear polarisation and same circular polarisation the 
effect of phase space filling is revealed. There is seen to be a further reduction in the 
exciton absorption with the effect being most pronounced for same circular 
polarisation. Further discussion on the time evolution and the mechanisms involved in 
the decay of the same circular polarisation and opposite circular polarisation traces to 
the opposite linear polarisation case will be discussed in the following chapter.
As is shown schematically in Figure 7.2 the change in transmission curve can 
be split into two distinct parts. The initial change in transmission in the opposite 
circular polarisation case which is attributed to Coulomb effects and the added effect 
of phase space filling which becomes apparent when the other polarisation 
configurations are used. For the purpose of this experiment the initial change in 
transmission was measured as a function of pump pulse power. For the opposite 
circular polarisation case the initial change is solely due to Coulomb effects and this is 
shown in Figures 7.3, 7.4 and 7.5 for the three samples and marked as Coulomb. The 
contribution due to phase space filling is measured as the initial difference between 
the change in transmission for the opposite circular polarisation case and the opposite 
linear polarisation case. When this becomes difficult to resolve the difference between 
the same circular polarisation and the opposite circular polarisation cases is used and 
divided by two. This is plotted as a function of pump power for the three samples in 
Figures 7.3, 7.4 and 7.5, and denoted as phase space filling.
The carrier densities are estimated to be ~10^  ^ cm'  ^ (for 1 mW of average 
pump power). These values were deduced from the spot size of the pump pulses 
incident on the samples and the absorption coefficients (described in Chapter 6).
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Inspection of Figure 7.3 shows that the curves for the Coulomb and phase 
space filling contributions to the exciton saturation exhibit a linear dependence on the 
pump power and therefore the excited carrier density. The Coulomb term can be seen 
to be significantly larger than the phase space filling term. Figure 7.4 which shows the 
results for the slightly narrower, 6 .5 nm wells, of KLB exhibits similar features. Again 
the Coulombic effects are larger than those due to phase space filling. We associate 
the linear dependence of the Coulomb term to be as a result of screening.
Figure 7.5 shows the curves obtained for the 4.4 nm well, sample S51. The 
phase space filling term is once more seen to have a linear dependence on the carrier 
density but this time the curve associated with the Coulomb term shows a more 
complicated structure. This is attributed to broadening of the exciton lineshape as the 
carrier density is increased. It is not apparent whether the curve can be described by 
considering broadening as the only effect present. In reality broadening and screening 
should both be present. One argument for considering this curve as only due to 
broadening is that the effect is only seen in the narrowest wells. If the simple 
description of screening that was given previously is considered, then, as the well 
width is decreased, the efficiency with which the free carrier plasma screens the 
Coulomb potential will be reduced. It should also be noted that the effects attributed 
to broadening only occur in the highest quality sample. The linear absorption of S51 
(see Chapter 6) shows very clear excitonic resonances when compared to the 
corresponding curves of KLB and FK141. These occur due to the superior quality 
and the increased exciton binding energy for this well width. Further evidence to 
support this statement can be obtained if we examine the differential transmission 
spectra.
The processes that contribute to exciton saturation should have different 
spectral signatures. Phase space filling and screening reduce the oscillator strength 
and hence the optical absorption across the whole of the excitonic resonance (Figure 
7.6). Lineshape broadening increases the width of the exciton resonance while 
maintaining the overall oscillator strength. This effect appears as a reduction in the 
optical absorption at the line centre with a corresponding increase in the absorption in 
the wings (Figure 7.7).
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Figure 7.6 The effect o f phase space filling and screening 
on a simple resonance.
Arrows indicate 
effect of increased 
photoexcitation
Wavelength
Figure 7.7 The effect o f broadening on a simple resonance.
It is therefore apparent that the only mechanism for producing an increase in 
the absorption in the wings of the exciton resonance is lineshape broadening.
BROADENING, SCREENING AND PHASE SPACE FILLING 84
The differential transmission spectra for FK141 and KLB are very similar in 
appearance (see inserts in Figure 7.3 and 7.4). They both show large effects due to 
heavy hole exciton saturation. The effects from broadening which appear in the wings 
are small. For the case of S51 (see insert in Figure 7.5) the effects due to broadening 
appear more important.
The importance of broadening to exciton saturation has been addressed 
previously by a number of authors [7.5,7.6,7.7]. Hunsche et al [7.5] separated the 
effect of broadening from those of screening and phase space filling in a 10.0 nm 
quantum well sample. By monitoring the integrated area under the heavy hole exciton 
resonance it was possible to remove any contribution from broadening. The carrier 
density dependence was then investigated and shown to have an approximately linear 
dependence in agreement with the results above. The contribution from broadening 
was monitored by observing the reduction in the peak of the heavy hole exciton 
resonance. This measurement also contains the effects due to phase space filling and 
screening which will also contribute to a reduction in the exciton resonance. The 
carrier density dependence curve obtained has the same profile as the results obtained 
with the 4.4 nm well width sample shown above in Figure 7.5. Although the carrier 
density dependence of the broadening deduced in this work is similar to that of 
Hunsche, there is a difference in the well widths at which the broadening effects are 
observed. Hunsche observed a strong contribution attributed to broadening in a 10.0 
nm well, whereas little broadening is evident for the case of FK141 (8.0 nm wells). 
This could be explained by considering the quality of the samples used. Hunsche’s 
10.0 nm well sample has very clearly resolved exciton peaks whereas the FK141 
sample used in the above experiments does not match this.
It is expected that the three samples used should all exhibit some degree of 
broadening. In all but the narrowest well width this seems to be masked by the effects 
of screening. The results presented above allow the direct comparison of the 
magnitudes of phase space filling to those of Coulomb screening and broadening. 
This was not possible using Hunsche’s method due to the difficulty in comparing an 
integrated transmission change with a peak transmission change.
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7.6 Conclusion
The experiments of this chapter demonstrate that it is not possible to neglect 
the effects of screening on exciton saturation in multiple quantum wells. Indeed in the 
experiments described it is apparent that the screening contribution is of a similar 
magnitude.
The spin dependent nature of the phase space filling nonlinearity has 
enabled its separation from the effects due to Coulombic interactions. The Coulombic 
terms of screening and lineshape broadening have been shown to have differing 
dependencies on the free carrier density. For the samples under investigation it 
appears that the importance of broadening increases as the well width decreases. In 
the case of the narrowest well width it appears that broadening is the dominant 
contribution to the exciton saturation at low carrier densities.
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8Spin relaxation
8.1 Summary
In this chapter the process of electron spin relaxation in multiple quantum 
wells is investigated. The electron spin relaxation time is measured in a number of 
multiple quantum well samples of varying well width. These results are then 
compared with those previously reported and indications for the determination of the 
dominant mechanism at room temperature are discussed.
8.2 Introduction
In the previous chapter the spin dependent nature of phase space filling was 
discussed from the point of view of exciton saturation. In this chapter the temporal 
dependence of the phase space filling term that relates to the time for the electron 
spins to randomise is discussed. The hole spins are known to relax on sub-picosecond 
timescales as was discussed in chapter 3. Since the dynamics of the hole spins are 
outside the temporal window accessible, their contribution to the phase space filling 
is taken as constant.
Although the topic of spin relaxation has received a great deal of attention 
over the last three decades, the mechanisms are still not well understood. The main 
cause of this seems to be the sensitivity of the spins to external perturbation that are 
difficult to control. A great deal of work has been carried out at low temperatures
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using photoluminescence and the pump-probe technique that will be described here. 
For the experiments contained within this chapter the results were all obtained at 
room temperature. The temporal behaviour of the electron spin can easily be 
described using simple rate equations.
8.3 Dynamical description of spin relaxation
When circularly polarised light is used to excite a quantum well resonantly 
with the heavy hole exciton, 100% spin polarisation of the excited electrons occurs 
within the conduction band. The excited electrons either occupy the spin up or spin 
down states depending on whether the circular light used is left or right circularly 
polarised. Once excited, the electron spins relax to the equilibrium state where the 
conduction band is populated by equal numbers of spin up and spin down electrons. 
Assuming that the spins are allowed to relax exponentially until equilibrium is 
reached, the processes involved are described by the following rate equations.
N~ A+ A + - # -
at r s s r s
dN- N~ 7V+ N~ N~ N ^ - N -— I ---------- =   H-------------- 8.2dt r s s r s
where N^ and N" are the populations of spin up and spin down electrons. The carrier 
relaxation time which relates to the recombination of the electrons with holes is given 
by r, and the spin relaxation time is described by s.
If Eqn 8.1 and Eqn 8.2 are added, the result given by
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d[N^ + N~) _  #+ + # -
dt 8.3
describes the total carrier population recombination rate characterised by r. This is 
observed experimentally when orthogonal linear polarisations are used.
Subtraction of the same two equations gives
8.4
The expressions for (N '^+N') and (N^-N") can then be obtained from Eqn 8.3 and Eqn 
8.4. Addition of the resulting equations will yield an expression for N  ^which is what 
is observed when excite and probe pulses have the same circular polarisation. The 
expression for N"" is given by
{t) = j  8.5
where No is the initial excited electron population. If the carrier relaxation time, r, is 
long compared with the electron spin relaxation time s, then the time for the electron 
spins to randomise can be measured readily by the technique described below.
The well width dependence of the spin relaxation time has been studied by 
Roussignol et al at low temperatures [8.1]. The relaxation rates measured refer to 
exciton spin relaxation and are shown in Figure 8.1.
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Figure 8.1 (a) Spin relaxation time as a function o f well width and 
(b) spin relaxation rate as a function o f the first electron confinement 
energy, after Roussignol et al [8.1].
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The exciton spin relaxation time will be influenced by the underlying electron 
and hole spin flip times but has the added complication that the relaxation process 
involves the emission or absorption of the exchange energy as a phonon into the 
lattice. This tends to increase the exciton spin relaxation time compared to the free 
particle spin flip times [8.2].
The quantum wells used were all grown on one sample separated by wide 
barriers. In using this type of structure the effects due to impurities and defects 
should be reduced. This should allow the well width dependence of the spin 
relaxation rate to be measured under the same extrinsic conditions. The results show 
an increase in the relaxation rate with increasing electron confinement energy but 
slower than predicted for the DP mechanism.
Since their first measurement of the electron spin relaxation time at room 
temperature in a quantum well using the pump probe technique, Tackeuchi et al [8.3] 
have investigated the well width dependence of the electron spin relaxation rate [8.4]. 
They have used two samples with different well widths across each. The results show 
a 1/Eie^  ^dependence for the electron spin relaxation rate and Tackeuchi takes this to 
be strong evidence of the DP mechanism.
8.4 Experimental setup
The experimental setup for the investigation of spin relaxation is shown in 
Figure 5.7. The X/A plates are used to provided the different polarisation 
configurations and the change in transmission due to the pump pulse is monitored 
with a time delayed probe as described in chapter 5.
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8.5 Results
Experiments were carried out in four different samples of varying well width. 
The samples used were S51 (4.4 nm well width), KLB (6.5 nm well width), G1273 
(8.0 nm well width) and FK141 (9.0 nm well width). In each case the experiment was 
repeated for the three possible polarisation configurations (namely OLP, OOP and 
SCP) firstly using wavelengths resonant with the position of the heavy hole exciton 
and secondly with pulses shifted in wavelength towards the long wavelength side of 
the heavy hole exciton. The results are shown in Figures 8.1-8.6. For samples G1273 
and FK141 it was not possible to measure an increase in absorption on the long 
wavelength side of the heavy hole exciton since the broadening was minimal in these 
samples. The measured spin relaxation times measured, ts, are summarised in the table 
below.
Tables,! Spin relaxation times
Sample Well-width (nm) ts(ps)
S51 4.4 32
KLB 6.5 54
<31273 8.0 60
FK141 9.0 75
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Figure 8,2 Change in transmission for sample S51 at the heavy hole 
exciton (811 nm) as a function o f prohe pulse delay time. The three 
traces correspond to the three polarisation configurations used.
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Figure 8.3 Change in transmission for sample S51 on the long 
wavelength side o f the heavy hole exciton (813 nm) as a function o f 
probe pulse delay time. The three traces correspond to the three 
polarisation configurations used.
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Figure 8.4 Change in transmission for sample KLB at the heavy hole 
exciton (830 nm) as a function o f probe pulse delay time. The three 
traces correspond to the three polarisation configurations used.
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Figure 8.5 Change in transmission for sample KLB on the long 
wavelength side o f the heavy hole exciton (835 nm) as a function o f 
probe pulse delay time. The three traces correspond to the three 
polarisation configurations used.
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Figure 8,6 Change in tt'ansmission for sample G1273 at the heavy hole 
exciton (837 nm) as a function o f prohe pulse delay time. The three 
traces correspond to the three polarisation configurations used.
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Figure 8.7 Change in transmission for sample FK14I at the heavy hole 
exciton (845 nm) as a function o f probe pulse delay time. The three 
traces correspond to the three polarisation configurations used.
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8.6 Data Analysis
The results shown in figures 8,2, 8.4, 8,6 and 8.7 show the effects of phase 
space filling at the peak of the heavy hole exciton. For the opposite linear polarisation 
(OLP) case, the pump excited equal populations of spin up and spin down electrons. 
The probe, which is composed of equal parts left and right circular then interrogates 
both spin states and sees a reduced absorption due to the presence of electrons in the 
low lying states. The electrons are therefore already in equilibrium in the two spin 
states and therefore do not expect to observe spin relaxation. Any decay of the curve 
will result solely from carrier recombination.
When the same circular polarisations (SCP) are used the pump pulse 
selectively populates only one spin state. The time delayed probe sees a larger 
reduction in absorption compared to the opposite linear polarisation (OLP) case. As 
discussed in chapter 7, this occurs because, where as before all the excited electrons 
were evenly spread between the two spin states, now they all initially occupy the 
same spin state. The absorption then recovers over time to the opposite linear 
polarisation level as the electron spins become mixed between the two spin states. It 
is this time for the electron spin to randomise that is termed the spin relaxation time,
ts.
When opposite circular polarisations (OCP) are used, 100% spin polarised 
electrons are again excited into the conduction band, but the probe examines the 
opposite spin state. The probe therefore sees an initial decrease in the absorption 
which is less than that observed for the opposite linear polarisation (OLP)case. This 
recovers over time to the same level as the opposite linear polarisation case as the 
spin relax.
On the long wavelength side of the excitonic resonance the effects are 
subtlety modified. As described in the previous chapter, the phase space filling 
contribution to exciton saturation, which is spin dependent, causes a decrease of the 
oscillator strength across the entire resonance. This by itself would lead to results 
very similar to those obtained at the resonance which is clearly not what is observed. 
The results shown in figures 8.3 and 8.5 include the effect of density dependent
SPIN RELAXATION 100
broadening which leads to an overall increase in the absorption on the long 
wavelength side of the exciton. However the effect of phase space filling at this 
wavelength will counter-act the effects of broadening (see figure 7.7 and 7.8). Phase 
space filling will always reduced the absorption on the wings of the resonance 
whereas broadening will increase the absorption, which is confirmed by the results 
shown. The opposite circular polarisation (OCP) case, where the phase space filling 
contribution is smallest, gives the largest increase in absorption, whereas the same 
circular polarisation (SCP) case gives the smallest increase in absorption.
The initial increase in absorption at zero delay occurs solely due to density 
dependent broadening. This broadening is strongly evident for S51 (see figure 8.3) 
and slightly less so for KLB (see figure 8.5). This justifies the conclusions of the 
previous chapter where S51 was seen to exhibit a strong broadening signature. The 
broadening effect was seen to be less important for KLB and FK141.
The fact that no long wavelength increase in the absorption could be 
measured for FK141 or G1273 supports the idea that broadening in these samples is 
of reduced importance.
8,6.1 Well width dependence
The two main mechanisms thought to be responsible for electron spin 
relaxation in quantum wells are those proposed by DP and BAP. These have been 
discussed in detail in chapter 3.
Damen et al [8.5] calculated the enhancement of the BAP mechanism for the 
spin relaxation rate in a quantum wells when compared to bulk to be
* 1 8.62k^L
where kf is the Fermi wavevector for the 3D density and L is the well width.
A similar expression for the enhancement of the DP mechanism is given as
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8.7
Both of these predict a decrease in the electron spin relaxation time with decreasing 
well width which is consistent with the experimental results given in Table 8,1. 
Physically, the spin relaxation time decreases with well width due to the increased 
localisation of the wavefunction.
Bastard et al [8.2] gives a more complete expression for the enhancement of 
the DP mechanisms in a quantum well as
de 8.8•/O J
where a  is a numerical coefficient governing the spin splitting of the conduction 
band. Eie is the first electron confined state in the quantum well and Eg is the band 
gap. Tv is the electron momentum relaxation time and is inversely proportional to the 
number of scattering events per unit time.
The equation shows that spin flip is more efficient for narrower quantum 
wells (as long as Eie increases as the well width decreases). For infinite wells Eie is 
proportional to 1/L  ^and so ignoring any energy dependence of Xv, this approximation 
gives
which is consistent with Eqn 8.7. In Figure 8.8 the dependence of the first electron 
confinement energy on the quantum well width is plotted for the case of infinite and 
finite wells. This shows that the L'^  dependence is only true for wide wells where the 
confinement is small.
Since Eie depends on other factors (such as alloy concentration) as well as 
well width the variation of Xg with Eie is therefore the preferred measure. However, in
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nominally undoped samples, the concentration of scattering centres randomly 
fluctuates from sample to sample, so that the variation of is with Eie may be sample 
dependent.
The results for S51, KLB, G1273 and FK141 were all obtained at room 
temperature and relate solely to electron spin relaxation. The results are shown 
graphically in figure 8.9, Each of these samples was grown separately at different 
sites and contains only one quantum well width (see chapter 6). This is in contrast to 
the samples used by Roussignol and Tackeuchi which were grown with varying 
quantum well widths across the same sample. At room temperature the main 
scattering mechanism is due to optical phonon interactions and so the measured spin 
times should be less sample dependent.
A similar study has been carried out by Grevatt [8.6]. Through monitoring 
the change in the reflectivity of the left and right hand circular components of the 
reflected probe beam they have measured the electron spin relaxation time at room 
temperature in various quantum wells. The samples used were each of differing well 
width although the majority of the samples were obtained from the same source. It 
should be noted that this source was not the same as that for either FK141, G1273, 
KLB or S51. The results are shown in figure 8.10.
The Gravett and Tackeuchi results along with those for S51, KLB, G1273 
and FK141 are shown in figure 8.11. Fitting to all the data points using the generic 
equation Y=aX^+c, a value of 2.16 is obtained for b. This is in good agreement with 
Tackeuchi’s estimate and is further evidence that the DP mechanism is dominant in 
undoped quantum wells at room temperature.
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Figure 8,8 Dependence o f the first electron confinement energy on 
well width for infinite (O) and finite quantum well (0) cases.
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Figure 8.9 (a) Spin relaxation time as a fimction o f well width and 
(b) spin relaxation rate as a function o f the first electron confinement 
energy, for samples S51 (9), KLB (M), FKI41 (T) and G1273(
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Figure 8.10 (a) Spin relaxation time as a function o f well width and 
(b) spin relaxation rate as a function o f the first electron confinement 
energy, after Gravett [8.6].
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Figure 8.11 Spin relaxation rate as a function o f the first electron 
confinement energy for the results obtained by Tackeuchi ( ^) ,  
Gravett (T ) and those for S5J, KLB, FK141 and G1273(0) are all 
plotted together. The fitted curve Y=aX^+c has b^2.16.
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8.7 Conclusion
The spin relaxation rate has been shown to agree well with the predictions of 
the DP mechanism for varying well width.
The results obtained for S51, KLB, G1273 and FK141 show a decrease in 
the electron spin relaxation time as the well width is reduced. The results are in good 
agreement with those obtained by Tackeuchi using two samples with varying 
quantum well widths on each and those of Grevatt for a number of individual 
samples. The agreement is surprising since the spin relaxation time is thought to be 
very sample dependent as previously stated and each of the samples used was 
obtained from a different source. The fact that this investigation has been carried out 
a room temperature may influence any sample dependency as the main scattering 
mechanism will be due to LO-phonon collisions and not impurity or interface 
interactions. All the combined data give a 2.16 power dependence of the spin 
relaxation rate on the electron confinement energy. This strongly suggests that the 
DP mechanism causes the spin relaxation of electrons at room temperature in 
quantum wells. The accuracy of the fitted curve would benefit from more data at 
higher electron confinement energies.
The dependence of the spin relaxation time on well width at room 
temperature is important for device applications. If the dependence on well width is 
known then well with specific spin relaxation times can be fabricated. A number of 
all-optical switches based on spin relaxation in quantum wells have been 
demonstrated [8.8,8.9]. electron spin relaxation will give response times of 10s of 
picoseconds and the hole around 1 picosecond.
Kawazoe et al utilised the fast hole spin relaxation in type II quantum wells
[8.7] to demonstrate a switch with switching energy density of 3 nJ/cm^ and a 
repetition rate of 80 GHz. Nishikawa et al [8.9] demonstrated a 7 picosecond switch 
using a quantum well étalon. The switching time was achieved by utilising tunnelling 
in type II structures and spin relaxation. The switching energy density for this switch 
was 48 £T/|im^ .
SPIN RELAXATION 108
8.8 References
8.1 P. Roussignol, P. Rolland, R. Ferreira, C, Delalande, G. Bastard, A.
Vinattieri, L. Carraresi and M. Colocci, "Time-resolved spin-polarisation 
spectroscopy in GaAs/AlGaAs quantum wells", Surface Science, 267, 
360-364, (1992).
8.2 G. Bastard, and R Ferreira, "Spin-flip scattering times in semiconductor
quantum wells", Surface Science, 267, 335-341, (1992).
8.3 A. Tackeuchi, S. Muto, T. Inata and T. Fujii, "Direct observation of
picosecond spin relaxation of excitons in GaAs/AlGaAs quantum wells 
using spin-dependent optical nonlinearity", Appl. Phys. Letts., 56, 22, 
2213-2215, (1990).
8.4 A. Tackeuchi, Y. Nishikawa and O. Wada, "Room-temperature electron 
spin dynamics in GaAs/AlGaAs quantum wells", Appl. Phys. Letts., 68, 
6, 797, (1996).
8.5 T.C. Damen, L Vina, J.E. Cunningham and J. Shah, "Subpicosecond spin 
relaxation dynamics of excitons and free carriers in GaAs quantum wells", 
Phys. Rev. Letts., 67, 24, 3432-3435, (1991).
8 .6 T Grevatt, University o f Southampton, Private communication.
8.7 T. Kawazoe, Y. Masumoto and T. Mishina, "Spin-relaxation process of 
holes in type-II A1(0.3 4)Ga(0.66) As/Al As multiple quantum wells", Phys. 
Rev. B , 47, 16, 10452-104, (1993).
8.8 T. Kawazoe, T. Mishina and Y. Masumoto, "Highly repetitive 
picosecond polarisation switching in type-II AlGaAs/AlAs multiple 
quantum wells", Jpn. J. Appl. Phys., 32, L1756-175, (1993).
8.9 Y. Nishikawa, A. Tackeuchi, S. Nakamura, S. Muto and N. Yokoyama, 
"All-optical picosecond switching of a quantum well étalon using spin- 
polarisation relaxation", Appl. Phys. Letts., 66, 7, 839-841, (1995).
9
Amplitude grating studies
9.1 Summary
This section describes three-beam degenerate four wave mixing (DFWM) 
experiments. The ambipolar diffusion coefficients for two GaAs/AlGaAs multiple 
quantum well samples are measured and the respective hole mobility's are deduced.
9.2 Introduction
DFWM provides a very sensitive measure of nonlinear changes in refraction. 
This has been studied to great length in a number of semiconductors [9.1]. DFWM 
in multiple quantum wells was first reported by Hegarty et al [9.2] at low 
temperatures, and at room temperature in a GaAs/AlGaAs multiple quantum well by 
Miller et al [9.3]. A number of previous studies have also used two-beam self- 
difffaction to examine the nonlinearities [9.4-9.7], the incorporation of a third probe 
beam allows the spatial dynamics of the optically excited carriers to be monitored
[9.8].
There are primarily two types of three-beam DFWM configurations: the 
standard forward propagating geometry, Figure 9.1, and the counter propagating or 
phase conjugate geometry, Figure 9.2.
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Figure 9.1 The forward travelling geometry for three-beam DFWM.
a
Figure 9.2 The counter propagating or phase conjugate geometry 
for three-beam DFWM.
■‘Ji
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The diffusion of carriers in multiple quantum wells can be described in terms 
of in-well (parallel to the quantum well layers) and cross-well (perpendicular to the 
quantum well layers) motion. The barriers of the quantum well severely restrict cross­
well transport and lead to a highly anisotropic diffusion,
The counter propagating geometry allows the monitoring of the cross-well 
transport, This is important in a number of multiple quantum well optical devices 
such as symmetric self-electro-optic effect devices (SEEDs), field-effect-transistor 
(FET) SEEDs, hetreo n-i-p-i devices and vertical cavity lasers which for their 
operation depend on the generation or injection of electrons and holes into a multiple 
quantum well region. Ultimately high speed operation of theses devices is dependent 
on the removal of the generated/injected electron hole pairs by transport 
perpendicular to the quantum well layers. If the barrier regions are thin it has been 
shown that cross-well transport is dominated by tunnelling [9.9]. For quantum wells 
with thick barriers, where tunnelling can be neglected, the transport is determined by 
the need to thermally activate a small number of the carriers above the barrier and 
their subsequent motion above the barrier, whether it be drift or diffusion [9.10].
The highly anisotropic nature of the diffusion in multiple quantum wells was 
highlighted by Manning et al [9.11], The measured grating decay obtained using the 
counter-propagating geometry were observed to be dependent on the orientation of 
the sample. This was attributed to the possibility of intra-well motion in addition to 
the expected cross-well motion when the grating was not exactly perpendicular to the 
quantum well layers.
The measurement of the intra-well motion of optically excited electrons and 
holes can be achieved using the forward-travelling DFWM configuration. This has 
been reported by a number of authors [9.8, 9.12, 9.13], and allows the determination 
of the intra-well ambipolar diffusion coefficient which governs the combined motion 
of electrons and holes.
The principles of DFWM concerning grating formation and decay are 
considered with reference to the forward-travelling geometry. The experimental 
technique involved in the creation of the gratings is described and the results obtained 
for two samples are presented. The calculated diffusion coefficients are then 
discussed with reference to quantum wells.
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9.3 Grating formation
If two beams, of the same linear polarisation, are incident on a sample (as 
shown in Figure 9.1) at an angle of 0 degrees either side of the normal, then they will 
interfere to give an intensity grating (as shown in Figure 9.3). This grating will take 
the form of a squared sinusoidal pattern (see Figure 9 .4).
Figure 9.3 Intensity distribution for the interference o f two 
linear polarised beams with gaussian beam profiles.
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Figure 9.4 Cross section o f the intensity profile shown in 
Figure 9.3. The intensity grating can be clearly seen.
The grating period can be calculated simply by considering two plane waves 
incident at an angle of 9 degree with respect to the normal (as shown in Figure 9.5).
E(1)
E{2)
Figure 9.5 Interference of two plane waves.
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If the waves are assumed to be polarised in the y direction and we neglect 
the time dependent terms the electric field amplitudes can be written as
E(l) = exp / -  kpc) 9.1
E(2) = Gxp i {k^z + kpc) 9.2
where Ay is the electric field amplitude (polarised in the y direction) and k is the wave 
number in the various directions. If the electric field amplitudes for E(l) and E(2) are 
assumed to be equal then the resultant intensity distribution, I(x) is given by
/(x) = 27o(l + cos(2A:^x)) 9.3
where lo is the intensity of a single beam and 2kx is the wave number of the grating 
(Figure 9.6).
The grating period. A, can be obtained simply using
A = —  9.4IK
and
2 ^ in (e )
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Figure 9.6 Intensity distribution in units o f lo as a function 
o f grating period.
where X is the wavelength of the waves. Substitution of Eqn 9.5 into Eqn 9.4 then 
gives the grating period in terms of the wavelength and the angle to the normal as
A = 2 sin(0) 9 6
If a third beam is then made incident on the grating it will be diffracted with 
an angle, <}), from the normal given by
sin(  ^= — = 2 sin(0) 9.7
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The above theory is equally applicable to ultrashort pulses incident on a 
semiconductor multiple quantum well sample. In this case if the wavelength of the 
pulses correspond to an absorption feature a transient population grating is formed. If 
excitation results in exciton formation then their subsequent rapid ionisation will 
result in a population grating of electrons and holes. A probe pulse incident on the 
grating will then be diffracted from it. The diffraction efficiency, q, of the 
concentration grating that is formed is given by, [9.14],
exp(-a/) 9.8
where Ji is the first-order Bessel function, a  is the absorption coefficient, 1« is the 
effective sample thickness given by
y 1 — exp(—/of) 9.9a
neh is the nonlinear refractive index per carrier pair and Oeh is the nonlinear absorption 
per carrier pair.
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9.4 Grating decay
When ultra-short pulses are used to produce gratings in multiple quantum 
wells their behaviour becomes time-dependent. The intensity modulation at the 
sample surface only exists for the length of time that the pulses are overlapped and is 
therefore a coherent process. The concentration grating that is produced will "wash 
out" as a result of diffusion and recombination. In a semiconductor optical excitation 
produces equal numbers of electrons and holes so diffusion is ambipolar from regions 
of high to low population density within the wells.
From Eqn 9.8 it can be seen that the diffraction efficiency is proportional to 
the square of the modulation in the refractive index. If the grating decay is 
characterised by a time constant T, then the diffraction efficiency will decay with a 
rate equal to twice tliis i.e. 2T.
q(f)oc exp(-2Tf) 9.10
With pulses shorter than the time scales encountered, the continuity equation 
for the excess carrier density at a position, x, along the wells and at any time, t, after 
excitation can be written as
= D X N { x , t) -
d t Tn 9.11
where N(x,t) is the excess carrier concentration. Da is the ambipolar diffusion 
coefficient and Tr is the electron-hole recombination time. The excess carrier density 
is given by [9.14]
N (x j )  = N{0,0) 1 1 /  Inx'S— + — COS  exp2 2 \  A J ^
/
V •'oyj
exp
V y
9.12
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The evolution of the excess carrier density is graphed in Figure 9.7 where time 
increases from red^blue-^green.
Figure 9.7 Time evolution o f the excess carrier concentration 
grating produced by an amplitude grating.
Substitution of Eqn 9.12 into Eqn 9.11 gives the grating decay rate in terms of a 
diffusion rate and a recombination rate i.e.
9.13
as
r  = , 1 9.14
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9.5 Experimental set-up
The production of transient gratings using the forward travelling DFWM 
geometry and the monitoring of their subsequent decay was carried out using the 
method described in section 5.5.
The experiment was carried out in the multiple quantum well samples of S51 
and KLB. The results obtained and their interpretation is now presented.
9.6 Results
9.6.1 Time independent
The peak of the diffraction efficiency, for sample KLB, has previously been 
shown to lie on the long-wavelength side of the heavy hole exciton resonance [9.15]. 
This is expected for nonlinear refraction associated with the absorption saturation of 
a resonant feature. The power dependence of the diffraction efficiency should be 
quadratic at low powers (Eqn 9.8). KLB follows this behaviour at low powers and 
then appears to saturate for higher powers where the dependence approaches linear 
scaling [9,15],
The change in the transmission at the exciton resonance for sample S51 is 
measured as a function of the excite beam power and shown in Figure 9.8.The power 
dependence does not appear to follow that of KLB even at low powers. This 
measurement was carried out previously for KLB by Manning et al [9.15].
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Figure 9,8 Diffracted probe intensity as a function o f the power in each 
o f the pump arms for sample S51 at SU  nm.
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9.6,2 Time dependent results
The diffraction efficiency was monitored as a function of probe delay. The 
curves obtained for both samples are all characterised by exponential decays, with 
time constants much shorter than the electron-hole recombination time. Their decay 
is therefore solely attributed to the diffiision of the carriers in the plane of the 
quantum wells. In general the results were taken at powers where the diffraction 
efficiency had begun to saturate. The comparison of high and low power results 
revealed no difference in the decay times measured.
Figure 9.9 and Figure 9,10 show the decay curves obtained for samples KLB 
and S51 for a single grating period. The grating period was varied and the results for 
three different spacing are shown in Figure 9.11 for KLB and Figure 9.12 for S51.
Since the decay of the diffraction efficiency is given by Eqn 9.10 and the 
grating decay rate is given by Eqn 9.14, plotting the diffraction efficiency decay rate,
2F, against will give a straight line graph with a gradient equal to the
ambipolar diffusion coefficient. These graphs for KLB and S51 are shown in Figure
9.13 and Figure 9.14 respectively. It should be noted that the y-axis intercept of this 
line will give a measure of the electron-hole recombination rate, although in both the 
curves presented this intercept is indistinguishable from zero.
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Figure 9.9 Decay o f the diffracted intensity for a 5 ym grating period 
in sample KLB. The fitted decay curve has a time constant o f200 ps.
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Figure 9.10 Decay o f the diffracted intensity for a 4.5 jum grating 
period in sample S5L The fitted decay curve has a time constant o f 250 
ps.
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Figure 9.11 Diffraction efficiency decay for three different grating 
periods. ^  (10 pm grating period), A  ( 7 pm grating period), #  (5 pm 
grating period) in sample KLB.
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Figure 9.12 Diffraction efficiency decay for three different grating 
periods. ^  (10 pm grating period), A  ( 6 pm grating period), % (4.5 pm 
grating period) in sample S5I.
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Figure 9.13 Measured decay rates o f the diffracted signal against 8 ii/  
for sample KLB. Gradient gives an ambipolar diffusion coefficient o f
13.3 cm^/s.
AMPLITUDE GRATING STUDIES 127
6
5
4
A
2  3
2
1
0
0 1 2 53 4
8
Figure 9.14 Measured decay rates o f the diffracted signal against 8t^ /  for  
sample S51. Gradient gives an ambipolar diffusion coefficient o f 10.8 cm^/s.
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9.7 Analysis
The ambipolar diffusion coefficient obtained for sample KLB from Figure
9.13 is found to be 13.3 cm^/sec. The value calculated for sample S51 using Figure
9.14 is 10.8 cm^/sec. This is surprising since in many respects sample S51 is of 
superior quality compared to KLB and so is expected to have a larger ambipolar 
diffusion coefficient.
As described in Chapter 7, S51 is known to exhibit pronounced saturation 
due to broadening. Figure 9.8 shows that the measured diffracted intensity (which is 
proportional to the diffraction efficiency) does not obey the quadratic behaviour that 
KLB has previously been shown to have [9.15]. This indicates that in order to 
accurately interpret the difhision curves and obtain the correct ambipolar diffusion 
coefficient for S51 the saturation must be taken into account.
9.7.1 The effect o f saturation on the measurement o f grating decay times
A simple description of the creation of a grating and the subsequent 
diffraction of a probe beam is sufficient to highlight the problem that is experienced 
with sample S51,
The excitation of a concentration grating within a semiconductor occurs due 
to an intensity modulation on the sample surface which in turn produces a modulation 
of optically excited carriers ANq. In the low density regime this modulation will decay 
with a characteristic time constant tg, i.e.
AN=AN.e 9.15
This modulation of the carrier concentration induces a corresponding modulation of 
the complex refractive index (absorption and refraction). For sample KLB it has been 
shown that the diffraction efficiency (which is proportional to the square of the
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change in the complex refractive index) varies with the square of the carrier density. 
For sample S51 the measured change in transmission of the diffracted beam with 
power is seen to have a linear variation for low power levels (see Figure 9.8). This 
variation is attributed to broadening of the exciton resonance which was highlighted 
in the power dependence experiments described in Chapter 7. Since the measured 
change in the transmission for the diffracted beam is proportional to the square of the 
change in the complex refractive index this implies that the diffraction eflSciency for 
sample S51 is not proportional to the square of the carrier density but to the carrier 
density alone. This has important implication in the measurement of the ambipolar 
diffusion coefficient.
In previous studies the change in the complex refractive index has been seen 
to vary quadratically with the carrier density. This is what leads to the measurement 
of a decay for the diffracted signal which is actually twice the grating decay rate. In 
S51 since the diffraction efficiency shows a linear dependence on the carrier density, 
the diffraction efficiency that we measure is directly proportional to the decay of the 
grating and so Eqn 9,10 is replaced with the following
7](/) oc exp(-Tt) 9.16
where F is the same rate defined in Eqn 9.14. This means that the calculated diffiision 
coefficient for S51 of 10,8 cm^/sec is incorrect by a factor of two. Therefore the 
correct ambipolar diffusion coefficient for S51 is 21,6 cm^/sec.
The increased value of the diffiision coefficient for S51 when compared to 
KLB agrees well with S51 being of higher quality. Hole mobility's for KLB and S5Î 
can be deduced fr om the ambipolar diffusion coefficients and are found to be 257 and 
458 cm^A^s respectively. A discussion of the magnitude of the deduced mobilities is 
left to a future chapter.
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Polarisation grating studies
10.1 Summary
This section describes a new optical method for direct measurement of the 
electron mobility in multiple quantum well semiconductors at room temperature. The 
technique utilises optically induced electron spin gratings, and was applied to samples 
851 and KLB to measure their in-plane electron mobility. This is the first time that 
electron diffusion has been determined by an optical technique
10.2 Introduction
In the previous chapter transient gratings were used to measure the ambipolar 
diffusion coefficients for the sample 851 and KLB. The experiment used the intensity 
modulation produced when two pulses of the same linear polarisation interfere to 
produce a concentration grating of electrons and holes within the multiple quantum 
well samples. The subsequent decay of the grating is then dominated by the motion of 
the slower carrier, in this case the hole, and the diffusion coefficient obtained 
describes ambipolar motion parallel to the quantum well layers. In this chapter a new 
type of transient grating is described which relies on the production of a polarisation 
modulation across the quantum well surface which in turn produces a spin grating 
parallel to the quantum well layers.
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10.3 Polarisation gratings
When two pulses of opposite polarisation interfere a polarisation grating is 
produced. In this case no intensity modulation exists which precludes the formation 
of an amplitude grating. What does occur is a periodic modulation of the electric field 
polarisation. For equal excite intensities, the polarisation changes fi"om linear to 
circular to orthogonal linear to circular of the opposite sense and back to linear, as 
shown in Figure 10.1.
Figure 10.1 The polarisation modulation produced when two 
orthogonally polarised light beams interfere.
The period of the modulation is defined by the angle between the two excite beams 
used and is identical to that produced for an amplitude grating (see Eqn. 9.6).
The crossed-linear configuration described above has previously been used 
to create orientational gratings in semiconductors via the modulation of the linear 
polarisation through anisotropic state filling [10.1-10.3] (state filling gives 
preferential excitation of the electrons and holes into specific k-directions) or 
alignment of exciton dipoles [10.4-10.5]. Figure 10.1 also shows that the interference 
of orthogonally polarised excite beams gives rise to a modulation in circular 
polarisation. It is possible to deconvolve the grating of Figure 10.1 into that of two 
circular polarisation gratings [10.6-10.7] as shown in Figure 10.2.
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Figure 10,2 Amplitudes for right and left circular components o f the 
intensity as a function o f distance in the plane o f the grating.
If the excite electric fields are described by the equations
= EqX e
and
then the resultant electric field on interference is given by
10.1
10.2
10.3
The electric field modulation, E(x) along the grating direction, x, can be written in 
terms of two circular polarisation components and is given by
E{x) = sin +  C.C. 10.4
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where A is the grating spacing and x and y are unit vectors describing the 
polarisation directions of the incident beams. If a suitable nonlinearity exists, which is 
sensitive to circular polarisation, then a grating will be produced from the 
interference of two orthogonal linearly polarised beams.
In multiple quantum well semiconductors the confinement of the holes leads 
to the lifting of the degeneracy between the light and heavy holes (see Chapter 3). 
This allows access to polarisation sensitive selection rules (see figure 3.4). Excitation 
with circularly polarised light resonant with the heavy hole transition will generate 
electron-hole pairs with well defined spin. As has been previously stated, at room 
temperature the excitons are rapidly ionised by LO-phonons leaving free electrons 
and holes. As was seen in Chapter 8 the electrons retain their spin orientation for tens 
of picoseconds. The holes spin orientation, on the other hand may be expected to 
relax on sub-picosecond timescales at room temperature due to band mixing and the 
mixed spin character of the valence states. Thus excitation with orthogonal linearly 
polarised excite beams resonant with the heavy-hole exciton will produce a spatial 
modulation of the electron spins (Figure 10.3).
The spin dependent nature of the phase space filling contribution to exciton 
saturation has been discussed previously (see Chapter 7) and therefore a spatial 
modulation of the electron spins will produce a polarisation grating which will diffract 
a circularly polarised probe beam. Since we can consider a linear probe beam as 
consisting of equal components of left and right hand circular polarisation, diffraction 
will still occur with each of the circular components being diffracted by the 
corresponding circular grating.
II f . A X
Figure 10.3 The electron spin concentration as a function 
o f distance in the plane o f the grating.
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1R4 Grating decay
The decay of a spin-orientational grating is very similar in nature to that of the 
previously discussed concentration grating. The decay of the spin grating is 
essentially due to the electrons alone (the hole spins having relaxed on a sub- 
picosecond timescales) in contrast to the concentration grating case where the decay 
is dependent on the electron and holes, The decay time is determined by a 
combination of the spin relaxation rate and the diffusion of the electrons within the 
quantum well layers. The decay rate can be written.
10,5A
where De is the electron diffiision coefficient and Xg is the electron spin relaxation 
time. The phase space filling nonlinearity that is used in the production of the spin 
gmting has been shown to have a linear dependence on the carrier density and so the 
di#action efficiency is expected vary quadratically with power. Since this applies 
equally well to sample S51 as to sample KLB it is correct to use Eqn 10.5. It must be 
ei^hasised that the previous discussion concerning concentration gratings in S51 is 
0 .1% applicable to gratings where effects of Coulomb screening and broadening are 
combined with those of phase space filling. In the case of spin gratings the only 
mechanism present is that due to phase space filling and so the effects of saturation in 
the other terms can be ignored.
IQlS Experimental set-up
Transient spin-orientational grating were produced and their subsequent 
decay was monitored using the set-up shown in Figure 10.4.
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Figure 10.4 Schematic o f the experimental set-up for spin grating 
studies in multiple quantum wells showing the relative polarisations o f 
the probe and excite beams as well as the diffracted probe polarisation.
A XU plate is used to rotate the polarisation of one of the pump beams 
relative to the other and hence allow the production of two orthogonal linearly 
polarised pump beams. The decay of the spin grating is monitored by a temporally 
delayed linearly polarised probe pulse which is coincident spatially with the 
interfering pump pulses The detection method and the technique used to vary the 
grating period are the same as those used previously for the concentration grating 
studies as described in Chapter 5.
10.6 Results
Spin grating studies were carried out for samples KLB and S51 The results 
obtained allow the determination of the in-plane electron diffusion coefficient and 
hence the electron mobility.
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10.6.1 Rotation o f the probe polarisation
The spin grating experiments employed a linearly polarised probe beam. The 
use of both left and right circular polarisations (combined within a linear probe beam) 
increases the strength of the diffracted signal due to the addition of the diffraction 
signal from each of the circular gratings. An interesting consequence of this was that 
the polarisation of the probe beam was observed to be rotated by tc/2 after diffraction 
from the spin grating (see Figure 10.5). This can be explained as follows.
If we consider a linear probe beam polarised in the x direction given by
E = EqX 10.6
then this can be resolved into left and right hand circular components as shown below
E = ^ { x  + iy) + ^ { x - i y )  10.7
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Figure 10.5 Decay o f the diffracted efficiency from a spin grating 
for sample S31 monitored with an analyser aligned perpendicular to 
the initial probe polarisation (0) and parallel to the initial probe 
polarisation (A).
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The left and right hand circular polarisation components of the grating can be seen 
from Figure 10.2 to be 7i phase shifted relative to each other. So the diffracted linear 
probe light will have one of its constituent circular components phase shifted by n. 
The electric field of the diffracted probe beam can therefore be written as
10 8
which simplifies to
— O f f ’ ~ 10.9
We can see that the diffracted probe beam is rotated by n il  and now has the 
polarisation vector of its electric field along the y-direction.
A
C
B
Figure 10.6 Graphical representation o f the tt phase change 
between the diffraction from two shifted gratings.
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This phenomenon can also be explained visually using plane waves by 
considering diffraction from two gratings, shifted by half a grating period relative to 
each other (Figure 10,6). Slits A and B are separated by one grating period. A, and 
so have a phase difference of 2 k . Point C lies equidistant between points A and B and 
so in the diffraction direction has a phase difference of k  compare to the diffracted 
waves emerging from either A or B, In the case of two same linearly polarised beams 
no diffraction would occur in the direction shown as the beams would interfere 
destructively with each other. In the case of circularly polarised beams diffracting 
from two circular polarisation gratings all that occurs is a phase shift of n in one of 
the circular components.
10,6.2 Time dependent results
As in the case for amplitude grating the transmission of the diffracted probe 
beam was monitored as a function of the probe delay. The measured decay times 
were all much shorter than the electron spin relaxation time for the two samples. Care 
was taken to check that the grating decay signals showed no dependence on carrier 
concentration at the power levels of interest. Figure 10.7 and Figure 10.8 show 
typical grating decay signals for samples S51 and KLB. Figure 10.9 shows the grating 
decay signals for sample KLB at a number of different grating periods. Figure 10,10 
shows a similar curve for sample S51.
The diffracted signal decay rates are plotted against ^^^^ 2 , where A is again
the grating period, in Figure 10.11 for sample KLB and in Figure 10.12 for sample 
S51. The gradient of the best fit lines gives the in-plane electron diffusion coefficient 
for the two samples. The y-axis intercept on the graphs is the infinite grating period 
case which for spin gratings refers to the electron spin relaxation time.
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Figure 10.7 Decay o f the diffracted intensity for a 7 fjm spin grating 
period in sample KLB. The fitted decay curve has a time constant o f 
22 ps.
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Figure 10.8 Decay o f the diffracted intensity for a 7 {jm spin grating 
period in sample S5L The fitted decay curve has a time constant o f 13 
ps.
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Figure 10.9 Decay o f the diffraction efficiency for three different 
spin grating periods in sample KLB. (0 7 pm grating period, 0 6 
pm grating period and a ÊÊ5 pm grating period).
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Figure 10.10 Decay o f the diffraction efficiency for three different 
spin grating periods in sample KLB. ( ^ 7  pm grating period and a 
#  6 pm grating period).
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Figure 10.11 Measured decay rates o f the diffracted signal 
against 8 t^ /A^ fo r sample KLB. The gradient gives an electron 
diffusion coefficient o f 125 cm^/s.
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Figure 10,12 Measured decay rates o f the diffracted signal 
against 8 t^ /A^ for sample S5L The gradient gives an electron 
diffusion coefficient o f 120 cnf/s.
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10.7 Discussion and conclusion
The in-plane electron difhision coefficients. De, deduced from the results are 
De= 125 cm^/sec for KLB and 120 cm^/sec for S5L These give electron mobilities of 
|ie= 4800 cm^/ V sec for KLB and \Xq~ 4600 cm^/V sec for SSL These results are 
clearly much higher than those obtained in the previous chapter and confirm that the 
"wash-out" of the grating is purely due to electrons and not electrons and holes as is 
the case in concentration gratings.
Transient spin gratings have allowed the first direct optical measurement of 
the in-plane electron mobility in a multiple quantum well semiconductor at room 
temperature. This technique requires no "special" sample preparation as is the case in 
time of flight measurements [10.8,10,9] where contacts or special masks must be 
prepared.
The results from the previous chapter and those described here, are 
considered together in the following chapter to allow comparison with the results 
previously obtained for bulk and quantum well GaAs samples by other methods. The 
results are then examined with special reference to the effect of the variation of the 
in-plane mass of the heavy hole in quantum wells. The scattering mechanisms that 
limit the electron and hole motion in bulk and quantum wells are then described with 
special reference to the results obtained
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Interpretation of the mobility results
11.1 Summary
The transport of carriers within bulk and multiple quantum well 
semiconductors have important implication in a number of device applications. The 
mobility results for samples 851 and KLB are compared and contrasted. The various 
scattering mechanisms that limit the mobility of carriers within the multiple quantum 
wells are discussed.
11.2 Introduction
The measured ambipolar (Da) and electron (D e) diffusion coefficients for 
sample 851 and KLB are given in Table 11,1. The hole diffiision coefficients (Dh) are 
calculated using the ambipolar diffusion equation for equal excess electron and hole 
populations (see Chapter 4,Eqn 4.16).
The measured electron and hole diffusion coefficients can be represented in 
terms of drift mobility's through the Einstein relation (see Chapter 4, Eqn 4.14) where 
kT/e=25.9 mV at room temperature.
The scattering mechanisms discussed in Chapter 4 affect the samples in 
different ways due to their well width and their ionised impurity levels. These factors 
are now discussed.
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Table 11.1 The diffusion coefficients and deduced drift mobility's for  
sample S51 and KLB obtained from the grating experiments.
Da (cm^/s) De (cmf/s) Dh (cmf/s) fie (cm^/Vs) Ph (cm^/Vs)
KLB 13.3 125 7 4800 270
S51 21.6 120 11.9 4600 450
11.3 Analysis o f m obility results
The results obtained for the electron and hole mobilities in samples S51 and 
KLB show some differences. These can be explained by considering the relative 
importance of each scattering mechanisms when applied to each sample.
Sample S51 is a high quality sample, with few (<10^ *^  cm'^) ionised impurities. 
The quantum well width is 4.4nm compared to KLB’s 6.5nm. The linear absorption 
spectrum (see Chapter 6, Figure 6.4) clearly shows the quality of the sample, with the 
exciton peak well resolved even at room temperature. An interesting feature is the 
presence of a tail in the linear absorption just below the band edge. In Chapter 4 it 
was stated that the presence of interface roughness and barrier-alloy scattering would 
result in the appearance of these tail states. This provides an indication on the 
importance of these scattering mechanisms for S51.
Sample KLB contain quantum wells of 6,5nm width. The linear absorption 
again shows the exciton features clearly resolved at room temperature. Unlike S51 
there does not appear to be any absorption tail below the band edge. This is as 
expected because the wider wells of KLB should be less sensitive to the scattering 
mechanisms associated with the interface. An additional consideration which exists 
for KLB and not S51 is the relatively large p-type background doping (~10^  ^cm‘^ ).
The reported electron and hole drift mobilities for bulk GaAs at room 
temperature are given in Table 11.2, the electron, heavy hole and light hole effective 
masses are also displayed.
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Table 11.2 The electron and hole drift mobility's and effective masses in bulk 
GaAs at room temperature (after [11.1J).
Bulk(T=300K) Pe (cm^/Vs) Ph (cm^/Vs) me ffthh mih
GaAs 8000 320 0.063 mo 0.500 mo 0.076 mo
The results obtained are in good agreement with previous studies which have 
used the transient grating technique to determine the in-plane ambipolar diffusion 
coefficient in GaAs multiple quantum wells. Miller et al [11.2] reported ambipolar 
diffusion coefficients of 13 ,8 cm  ^/s and 16.2 cm  ^/s for two different GaAs multiple 
quantum well samples each having a well width of 6.0 nm. Using the data from Table
11.2 the ambipolar diffusion coefficient for bulk GaAs is 16.0 cm  ^/s which is also in 
good agreement with the results obtained.
The electron drift mobility for bulk GaAs at room temperature from Table 
11.2, is 8000 cm^/Vs. The results obtained for the samples used were 4800 cmVVs 
for KLB and 4600 cm^/Vs for S51. The measured electron mobility is clearly 
reduced in comparison with bulk. For KLB the high background doping is expected 
to the important limiting factor for the electron mobility. The reduction of the bulk 
electron mobility in the presence of an ionised impurity concentration of ~10‘^  ^cm'  ^ is 
given by Sze [11.3] to be
Pe (bulk) « 6000 cm /^Vs.
A further reduction in the predicted value of the electron mobility is expected in 
quantum well sample due to the increased efficiency of the ionised impurity scattering 
and the effects of interface roughness and barrier-alloy scattering.
For sample S51 the effects due to ionised impurity scattering are expected to be 
reduced because of the lower background doping. The reduced well width on the 
other hand will increase the scattering mechanisms resulting from the interface.
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The hole mobility results obtained for both samples show a closer agreement 
with those measured for bulk GaAs. The mobility of 270 cmVVs obtained for KLB is 
slightly below the bulk value. This can be attributed to the ionised impurity scattering 
of holes which is expected to follow that of electrons. Sze [11.3] reports
Ph (bulk) % 300 cm^/Vs
for the hole mobility in the presence of -10'*^ cm'  ^ ionised impurities in bulk GaAs at 
room temperature. The effects on the hole mobility due to interface roughness and 
barrier-alloy scattering vrithin the quantum wells are not expected to play such a 
dominant role when compared to those on the electrons.
The hole mobility for S51 was found to be slightly larger than the bulk case. 
Since the ionised impurity scattering is expected to be reduced compared to that of 
KLB and the fact that the scattering of holes by the interface has been stated to be 
less important than for electrons it is not possible to explain the increased mobility.
In multiple quantum wells it is known that the in-plane hole mass is 
dependent on the quantum well width (see Chapter 3), in order to properly explain 
the increased hole mobility results for S51 the concept of in-plane mass must be more 
closely examined.
11.3.1 The in-plane effective mass
The transport properties discussed above clearly refer to the in-plane motion 
of the electrons and holes within the quantum wells. It is therefore only prudent to 
consider the in-plane band structure and effective masses when trying to interpret the 
mobility.
Table 11.3 gives the effective masses for the electrons and holes within an 
ideal 2D quantum well.
INTERPRETATION OF THE MOBILITY RESULTS 154
Table 11.3 The effective masses in an ideal 2D GaAs semiconductor for  
the electron, the transverse heavy and light holes and the in-plane heavy 
and light holes. Calculated values i f  the in-plane heavy hole mass for  
different well widths (L^ in a quantum well surrounded by Alo.33Gao.66As 
barriers are also given [11.4].
me nihhi mihi ftlkh// triih//
Ideal QW 0.063mo 0.377 mo 0.09 mo 0.11 mo 0.21 mo
Lz=4.5nm 0.11 mo
Lz=6.5nm 0.16 mo
Lz=10nm 0.18 mo
The confinement of the electron within a quantum well does not strongly affect its' in­
plane mass and so this discussion is only relevant to the holes.
The ideal quantum well case clearly shows that the in-plane mass of the 
heavy hole is much lighter than its transverse mass. Likewise for the light hole, the in­
plane mass is much heavier than the transverse mass. This phenomena was described 
in Chapter 2. The in-plane heavy hole masses for three different quantum well widths 
were calculated [11.4] and are also given in Table 11.3. These show that as the 
quantum well width increases, and we move away from the ideal case, the in-plane 
heavy hole mass gradually regains its "heavy" character. These calculation give the 
mass at the zone centre of the band. At room temperature the non-parabolicity of the 
valence bands away from the zone centre must be taken into account.
Figure 11.1 gives the calculated heavy and light hole valence bands for a 
quantum well of width 6.5nm, The corresponding valence bands calculated for the 
case of a 4.5nm quantum well are given in Figure 11.2. The non-parabolic nature of 
the bands away from the zone centre is clearly evident, along with the mass reversal 
of the heavy and light hole bands.
In a quantum well, the density of states is given by [11.5]
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g{E) = ^ ^  11,10K dE
where k// is the in-plane wave-vector and E is the energy. The deduced density of 
states for the heavy hole is shown in Figure 11.3 for the 6.5 nm quantum well and in 
Figure 11.4 for the 4.5 nm quantum well. The density of states for an ideal parabolic 
f band in 2D is a constant step which is proportional to the effective mass. In real
quantum wells, the motion of the holes corresponding to the heavy hole band is 
dependent on an average effective mass which includes the effect of non-parabolicity.
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Figure 11,1 Calculated valence band structure for a 6.5 nm 
GaAs/AlGaAs quantum well [11.4].
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Figure 11.2 Calculated valence band structure for a 4.5 nm 
GaAs/AlGaAs quantum well [11.4].
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Figure 11.3 Calculated density o f states, g, for the heavy 
hole valence band o f a 6.5 nm quantum well An average 
density o f states, <g>, is also calculated assuming an 
effective parabolic band.
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Figure 11.4 Calculated density o f states, g, for the heavy 
hole valence band o f a 4.5 nm quantum well An average 
density o f states, <g>, is also calculated assuming an 
effective parabolic band.
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To describe its influence on the heavy hole mass the average density of 
states <g> is calculated using the formula
\g{E)f{E )dE
{g)=^f----------  1111
\ f ( E ) d E
where f(E) is the Fermi distribution which is determined for a given carrier density n 
by the equation
n - j  g{E)f{E)dE 11.12
Figure 11.3 and Figure 11.4 show <g> plotted for the respective well vyidths. These 
calculated average densities of states correspond to ideal parabolic bands with a mass 
of 0.43mo for a 4.5nm quantum well width and 0.53mo for a 6.5nm quantum well 
width. These results clearly show that the non-parabolicity of the heavy hole valence 
band has the effect of increasing the average in-plane mass of the heavy hole when 
compared to the ideal 2D parabolic band case.
The heavy hole mass for KLB is expected from the above argument to be 
slightly heavier than is the case for bulk GaAs. This would explain the slightly lower 
value of the hole mobility obtained. 851 by contrast is expected to exhibit a lighter 
heavy hole mass when compared to the bulk case. This provides good evidence on 
the increased hole mobility that was measured.
The arguments presented above show that careful consideration must be 
paid to the relevant scattering mechanisms when trying to interpret mobility results. 
In the case of the hole mobility, the effects of reduced in-plane heavy hole mass due 
to non-parabolicity must be evaluated. The results obtained from the transient grating 
experiments agree well with those expected for GaAs multiple quantum wells.
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Conclusion
An investigation into the dynamics of exciton saturation in multiple quantum 
well semiconductors at room temperature has been carried out using picosecond 
pulses from a self-mode-locked Ti; sapphire laser. The contributions to exciton 
saturation due to Coulomb screening and phase space filling have been discussed and 
the importance of exciton lineshape broadening investigated. A study of the electron 
spin relaxation time has been carried out and the well width dependence has been 
reported. Finally the first demonstration of an electron spin grating in a 
semiconductor quantum well is reported. This has allowed the first direct optical 
measurement of the in-plane electron diffusion coefficient.
The samples used in this thesis were GaAs quantum wells obtained from a 
number of different sources. The samples used were FK141 (9.0 nm quantum well 
width), G1273 (8.0 nm well width), KLB (6.5 nm well width) and S51 (4.4 nm well 
width). Sample 851 exhibits extremely narrow exciton resonances at room 
temperature and allowed the contribution of broadening in exciton saturation to be 
investigated.
The dominant contribution to exciton saturation at room temperature arise 
due to the combined effects of phase space filling. Coulomb screening and lineshape 
broadening. The spin dependent nature of the phase space filling nonlinearity has 
allowed its separation from the other two. At room temperature the exciton linewidth 
results predominantly from the effects of LO-phonon collisions. Further broadening 
may be induced under optical excitation due to carrier density dependent effects. 
Monitoring the initial change in transmission of a weak probe beam using the
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standard pump-probe technique has allowed the contributions to exciton saturation to 
be investigated.
The optical selection rules in multiple quantum wells allow the creation of 
spin polarised carriers using circular polarised light. Altering the polarisations of the 
pump and probe beams allows the effects due to phase space filling to be enhanced or 
negated. This method has been used to separate the contributions due to Coulomb 
screening and broadening from those of phase space filling. The density dependence 
of the effects due to Coulomb screening and broadening have been investigated. The 
experiment was carried out in samples FK141, KLB and S51 allowing a well width 
dependence to be observed. The effects of broadening and screening have been 
shown to have differing dependencies on the excited free-carrier density. It was found 
that the contribution from broadening became increasingly important in the narrow 
wells. For S51 it has been shown that broadening is the dominant contribution to 
exciton saturation at low carrier densities.
The dynamics of electron spin relaxation have been studied as a function of 
the well width of the quantum wells. The spin relaxation time was observed to 
increase with the quantum well width. The measure times were 32 ps for S51, 54 ps 
for KLB, 60 ps for G1273 and 75 ps for FK141. The results were compared with 
those of a number of different authors and show good agreement. The use of samples 
from different sources and the agreement of the spin relaxation results with those 
obtained by other authors suggests that at room temperature the main scattering 
mechanism which leads to spin relaxation is due to LO-phonon collisions and not 
impurity or interface scattering. Combining the results allowed a determination of the 
power dependence of the spin relaxation rate on electron confinement. The data was 
observed to fit a 2,16 power dependence, implying that the D’Yakonov-Perel 
mechanism describing spin relaxation is the dominant spin flip mechanism for 
electrons in quantum wells at room temperature. The variation of the spin relaxation 
time with well width is important for any friture device applications.
DFWM studies have been carried out in samples S51 and KLB. The creation 
of concentration gratings of electrons and holes and the monitoring of the grating 
decay has enabled the ambipolar diffusion coefficient to be measured for both 
samples. The results for S51 and KLB give ambipolar diffusion coefficients of 21.6
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cm^/s and 13.3 cm /^s. The larger diffusion coefficient obtained for S51 is indicative of 
its superior quality. The hole mobilities for each of the samples were deduced from 
the ambipolar diffusion coefficients and shown to be 257 cm^/Vs and 458 cm^/Vs for 
KLB and S51 respectively.
The first demonstration of an electron spin grating in a semiconductor 
quantum well has been reported. The grating was produced using the polarisation 
grating produced when orthogonally polarised light beams interfere and the spin 
selection rules in quantum wells. These allowed the creation of a periodic modulation 
of electron spins within the sample. The decay of this grating is solely due to the 
motion of the electrons unlike the previously described concentration gratings where 
it occurs due to electrons and holes. This allowed the first optical measurement of the 
in-plane electron diffusion coefficient at room temperature in a quantum well 
semiconductor. The experiments were carried out in samples KLB and S51. The 
electron diffusion coefficients measured were 125 cm^/s and 120 cm^/s for KLB and 
S51 respectively. These allowed electron mobilities of 4800 cm^/Vs and 4600 cm^/Vs 
to be deduced for KLB and S51.
The influences of background doping, interface roughness and barrier-alloy 
scattering have been discussed with reference to the results obtained. The in-plane 
hole mass was calculated for both samples in order to explain the lower hole mobility 
for S51 and the heavier hole mobility for KLB when compared to bulk GaAs.
Further investigation of the broadening contribution to exciton saturation is 
required. At the present time the contribution due to broadening has only been 
observed in one high quality sample. A more thorough study of the broadening as a 
function of well width in high quality samples would allow a more complete picture 
to be formed.
The spin relaxation mechanism at room temperature needs further 
investigation. More data at high electron confinement energies would lead to a more 
accurate fit and should enable the mechanism to be confirmed. It would also be 
interesting to try to time resolve the hole spin relaxation as this lies outwith the 
temporal resolution currently available. The mechanism responsible for the hole spin 
flip could then be investigated.
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Spin gratings would allow a Mure study into the scattering mechanism of 
electron in quantum wells. Scattering is an important factor in the operation of high 
mobility devices and so a fuller understanding of the mechanisms involved would lead 
to improved device performance.
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